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Because garnet strongly fractionates Mn, spessartine (XSps) content can be treated 
as a rock-wide proxy for time.  By using Sm-Nd isotopic dating to discretely date cores 
and rims of garnet crystals, I associated an age with a XSps content, and used this 
association to indirectly date a set of garnets in a subvolume from the specimen, a Grt-
Chl-Pg-Bt-Ms schist from the Pinney Hollow Formation collected at Townshend Dam, 
VT. 
Using high-resolution X-ray computed tomographic data, two garnets were 
selected based on size and accessibility for Sm-Nd dating.  These garnets yielded rim 
ages of 372.8±5.7 Ma and 372.8±4.0 Ma (2σ); EPMA data for these gives rim XSps 
values of 0.02 and 0.03 respectively.  Core ages were unsuccessful due to low Sm/Nd 
ratios in garnet indicating incomplete cleansing of REE-rich inclusions.  Using the 
average of four published core ages from other Pinney Hollow garnets at this locality, the 
core age is estimated at 380 ± 3.5 Ma (2σ) paired with the core XSps values for the two 
garnets of 0.21 and 0.15.  A linear relationship between garnet age and XSps has the 
equation: Age = (43.58 Ma)(XSps) + 376.96 Ma.  Core XSps from 8 garnets within a 72 
cm3 subvolume of the sample were analyzed, and yield “Mn ages” by reference to the 
age-XSps relationship ranging from 377.2 ±3.0 to 382.2±6.0 Ma.  The estimated 
nucleation rate for this subvolume is  nuclei/cm
3/Ma.  The two dated garnets 
yield growth durations of 9.8±7.3 Ma and 8.0±6.6 Ma, consistent with durations 
calculated by other workers for this area.  Incremental growth rates from dated and 
subvolume garnets exhibit sharp transitions and negative growth rates, but generally are 
higher in the core and lower in the rim.  Attempts to fit predicted growth rate laws to the 
incremental growth rates are inconclusive in determining a kinetic control.  Crude nearest 
neighbors analysis suggests diffusion controlled growth.   
These data represent the first application of a new method for measuring 
crystallization kinetics.  As Sm-Nd isotopic age analysis for this garnet suite is refined, 
more detailed calibration of the XSps-age relationship will be possible, which will in turn 
result in more precise Mn ages for garnet subvolumes, and better estimates of 
instantaneous and time-averaged nucleation and growth rates.  Nevertheless, as the first 
quantitative estimate of nucleation rate, these results represent a significant step toward a 
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Introduction 
Studies of metamorphic conditions depend on analyzing the chemical composition 
and textures of appropriate crystals.  Nucleation and growth are the most fundamental 
processes in the formation of metamorphic crystals; nucleation and growth rates can be 
used to distinguish between rate-limiting factors in a metamorphic environment.  
Currently, we can model nucleation rates using numerical methods based on the 
porphyroblast distribution in a rock (Carlson, 1989; Denison and Carlson, 1997; Denison 
et al., 1997; Hirsch and Carlson, 2006; Ketcham et al., 2005), but no method exists to 
directly or indirectly measure nucleation rates.  Although individual ages and growth 
rates can be laboriously measured for any crystal subvolume (e.g., Christensen et al., 
1989; Stowell et al., 2001) we have no way to resolve easily the variations in growth rate 
over time for multiple crystals in a rock during a metamorphic event.    
The objective of this project is to obtain nucleation rates and growth rates for 
garnet crystals using a novel approach that links Mn content with age.  Garnet 
preferentially incorporates Mn during crystallization, resulting in higher Mn content in 
the cores and decreasing Mn content toward the rims.  In a closed system, this makes 
garnet Mn content a proxy for crystallization age.  By using Sm/Nd isotopic dating to 
determine the age of garnet cores and rims with known Mn content, I established a 
procedure to associate ages with specific Mn contents.  This relationship between age and 
Mn content allows us to easily obtain “Mn-dates” for other garnets in the same sample by 
using electron probe microanalysis (EPMA).  With these dates, nucleation rates (from 
cores) and growth rates (from core-rim sets) can be determined.  These nucleation and 
growth rates can then be contrasted to predicted growth and nucleation rates from 
numerical models.  This study presents the development of this new method and the first 
measurement of instantaneous (as opposed to time-averaged) nucleation rates and growth 
rates.  The results presented in this study are mixed, but the method developed here offers 
an expedient way to measure nucleation and growth rates, as well as a way to obtain data 
sets that will allow testing of numerical models of nucleation and growth.   
Garnet Growth 
Garnet is a common metamorphic mineral used in a variety of different 
metamorphic and tectonic studies, including geothermometry, geobarometry, and strain 
analysis.  One of the most useful properties of garnet is the slow intracrystalline diffusion 
rates that often allow garnet to grow in concentric chemical zones that preserve 
information about prograde metamorphic histories (e.g., Yardley, 1977) As the 
metamorphic event progresses, the matrix from which the garnet is growing changes due 
to the nucleation and growth of new metamorphic minerals.  Because garnet is slow to re-
equilibrate with the surrounding matrix because of slow diffusion rates, the previously 
formed garnet is locked in the inside of the porphyroblast even as conditions change and 
garnet of a new composition forms (Hollister, 1966).  Thus, a zoned garnet porphyroblast 
records the change in metamorphic conditions over time, with the core of the garnet 
recording the earliest metamorphic history, and the rim recording the end of the 
metamorphic event.   
Perhaps the best example of this phenomenon, and the most relevant to this study, 
is manganese (Mn) zoning in garnet.  Mn is usually present as a minor element in pelitic 
rocks.  Garnet is one of a few common phases that strongly partition Mn, meaning that 
garnet preferentially incorporates Mn into its crystal structure relative to most other 
mineral phases growing at the same time (Spear, 1993).  When the core of the garnet is 
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growing at the beginning of the metamorphic event, it grows from the initial whole rock 
concentration of Mn.  The garnet cores preferentially incorporate this Mn, resulting in 
Mn concentrations that are higher than those in the matrix.  The next concentric zone of 
garnet grows from a Mn-depleted matrix, so it has a lower concentration of Mn.  
However, it still preferentially incorporates Mn relative to other minerals, further 
depleting the supply of Mn in the matrix.  Over the duration of growth, garnet exhibits a 
smoothly decreasing Mn profile, in which Mn is highest in the core and decreases to the 
rim.  Since garnet is slow to diffuse and re-equilibrate, information about the changing 
matrix conditions is preserved within the crystal structure (Hollister, 1966).  Thus, Mn 
concentration is connected to time during garnet growth.  
Geologic Setting 
The Townshend Dam Region is a well-studied, well-exposed 400 m spillway and 
highway outcrop of garnet-bearing schist and amphibolite on the western limb of the 
Athens Dome (Fig. 1).  Previous work on these rocks includes Rb-Sr isotopic dating 
(Christensen et al., 1989) and oxygen isotopic analysis (Chamberlain and Conrad, 1993), 
as well as numerous structural and petrologic studies (e.g., Kohn and Spear, 1990).  This 
substantial body of work provides a well-characterized geologic framework that forms a 
solid foundation for this study.  
The outcrop consists of four units, from east to west: the Hoosac Formation 
consisting of well banded quartz-albite gneiss of Precambrian to Cambrian age; the 
Cambrian Pinney Hollow Formation in which paragonite-chlorite-garnet schist alternates 
with epidote amphibolite; the Ottauquechee Formation, a Cambrian weathered chlorite-
garnet schist alternating with amphibolite; and finally, the Moretown Formation, an 
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Ordovician (Rosenfeld, 1968) muscovite-chlorite-epidote schist (Chamberlain and 
Conrad, 1993).   
Based on helicitic (“snowball”) garnet structures, Rosenfeld (1968) determined 
that the Townshend Dam region reached staurolite-grade conditions during Acadian 
thrusting and nappe emplacement, approximately 380 Ma.  Kohn and Spear (1990) 
determined peak pressure conditions of 0.9-1.0 GPa using garnet-hornblende-plagioclase-
quartz geobarometry.  Kohn and Valley (1998) reported peak metamorphic temperatures 
ranging from 560-600 °C based on a variety of garnet thermometers.  
The Townshend Dam garnets are well suited for this study for several reasons.  
The garnets are large (up to ~3 cm), which is necessary for the physical constraints of 
sampling discrete cores and rims.  They record only prograde metamorphic growth 
without any retrogression or multiple pulses of metamorphism common in the region 
(Christensen et al., 1989).  Some are euhedral, recording textural equilibrium that 
suggests chemical equilibrium.  Although many have a high inclusion density, some have 
few inclusions, which is important because, if not removed, inclusions can skew the 
Sm/Nd ratios necessary for dating.  Finally, the garnets exhibit smooth Mn zoning 
profiles that record high Mn in the core, smoothly decreasing to the rims. 
Most importantly, the Townshend Dam region is one of a small number of sites in 
the world (Baxter and DePaolo, 2004) with a documented substantial duration of crystal 
growth (Christensen et al., 1989).   It is essential for the development and initial trial of 
this technique that the work be performed in an area where growth occurred on the order 
of millions of years, so that it is in principle possible to distinguish age differences 
between the cores and rims (Ducea et al., 2003).  Christensen and others (1989) measured 
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the radial variation in 87Sr/86Sr in several garnet porphyroblasts, which increased from 
core to rim.  Their method was not the typical Rb/Sr dating method (as garnet 
incorporates essentially no Rb in its structure), but instead used garnet as a recorder of the 
Sr evolution in the matrix.  The rationale is as follows: as time passes and garnet grows 
during the metamorphic event, 87Rb decays to 87Sr in the matrix, causing the matrix value 
for 87Sr/86Sr to increase over time.  If the elapsed time of growth is long enough, the 
matrix should contain an increased amount of 87Sr/86Sr at the end of the growth event as 
compared to the beginning of the garnet growth event.  The garnet core would grow from 
a matrix with lower 87Sr/86Sr values, and the garnet rim would grow from a matrix with 
higher 87Sr/86Sr values.  Because garnet essentially excludes Rb, there would be little 
radiogenic decay in the garnet, and the garnet 87Sr/86Sr ratio would reflect that of the 
matrix at the time of each increment of garnet growth. Christensen and others (1989) 
used 87Sr/86Sr profiles to extrapolate an age for the cores and rims of several garnets and 
determined an elapsed time of growth 10.5±4.2 million years. 
Modeling Nucleation and Growth 
Previous work modeling nucleation and growth rates rely on statistical analysis of 
physical attributes of rocks, such as size distribution of porphyroblasts, and spatial 
location of porphyroblasts (Carlson, 1989; Carlson et al., 1995; Daniel and Spear, 1999; 
Denison and Carlson, 1997; Denison et al., 1997; Kretz, 1974).  These measured 
quantities are compared to those predicted for environments with different rate-limiting 
factors during crystal formation to distinguish between those rate-limiting factors and 
estimate the rates of nucleation and growth.   
There are four potential rate-limiting steps during a metamorphic event: 
dissolution, diffusion, precipitation, and heat supply.  For each discontinuous reaction 
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during a metamorphic event, one or more precursor minerals are no longer stable because 
of changes in temperature and pressure, and one or more product minerals become stable.  
Once product minerals have nucleated, growth requires the unstable reactant mineral(s) to 
dissolve, the dissolved elements to diffuse through the matrix, and the dissolved material 
to precipitate onto the nucleus.  The overall process is endothermic, so heat is required.  
Any of these steps could conceivably be the slowest, or rate-limiting factor for the growth 
of the new mineral. Most workers agree that heat supply and dissolution are not generally 
rate-limiting (Daniel and Spear, 1999; Walther and Wood, 1984), and consequently, 
research has focused on diffusion and precipitation as the rate-limiting steps for 
nucleation and growth (Carlson, 1989; Kretz, 1974; Spear and Daniel, 2001). 
In a diffusion-limited environment, the movement of the nutrients through the 
matrix is slow compared to the precipitation of these nutrients into the garnet structure 
(Carlson, 1989); material cannot diffuse through the matrix fast enough to meet the 
growth demands of the garnets.  The dissolved nutrients from the precursor mineral(s) are 
moving through the matrix to the newly nucleated garnet; when these nutrients are 
available to the garnet, new material is precipitated.   A zone, called a depletion halo, 
evolves surrounding the garnet crystal that is depleted in the necessary nutrients for 
garnet growth, making it impossible or improbable for nucleation of another garnet 
crystal to occur within a certain distance of the initial crystal (Fig. 2). As new nuclei 
create their own depletion halos and existing crystals grow and expand their depletion 
halos, the depleted zone increases as a percentage of the overall rock.  As the depleted 
zone increases and the undepleted matrix decreases, the volume of the rock where 
nucleation is possible shrinks.  For this reason, diffusion-controlled environments lead to 
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increased distance between crystal centers, which creates a tendency towards statistical 
ordering of crystal centers.  
A diffusion-controlled system also allows specific predictions about the 
relationship between size of crystals and distance from nearest neighbors (Fig. 3) 
(Carlson, 1989).  When crystals are close, their depletion halos impinge, causing 
competition for the available nutrients between the crystals.  The closer the crystal is to 
its nearest neighbor, the more competition it has for nutrients.  The growth of both of 
these neighboring crystals is therefore limited, and they will be smaller as a result.  If a 
crystal experiences no impingement of its depletion halo during growth, it has no 
competition for nutrients, and is able to use all of the nutrients that are available and grow 
to a maximum size.  Thus, diffusion-controlled growth predicts an inverse relationship 
between size and proximity to other crystals. 
In a precipitation-limited environment, a crystal is always surrounded by an ample 
supply of nutrients due to slower precipitation rates relative to diffusion rates (Fig. 4) 
(Carlson, 1989).  Abundant nutrients accommodate nucleation of a new crystal 
immediately adjacent to a pre-existing crystal, allowing nucleation and growth of new 
crystals in close proximity to pre-existing crystals.  Thus, the predictions that follow from 
precipitation-controlled growth are necessarily different than the predictions that follow 
from diffusion-controlled growth: no ordering between crystal centers, and no 
relationship between size and distance from neighbors. 
Diffusion- and precipitation-controlled crystallization have different predicted 
growth rate laws.  In an isothermal diffusion-controlled system, assuming that the 
diffusion field is spherical and has radial symmetry, the growth rate law takes the form 
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R = kt ½ (1) 
where R is porphyroblast radius, k is a constant, and t is elapsed time since nucleation 
(Carlson, 1989), resulting in constant areal growth.  In an isothermal precipitation-
controlled system, the growth rate law takes the form (Carlson, 1989) 
R = kt (2) 
resulting in constant radial growth.  This research will test measured growth rates against 
these growth rate laws. 
METHODS 
Sample Selection and Petrography 
This study was intentionally designed to be confined to one hand sample rather 
than several samples along the outcrop to address concerns about the scale of 
equilibrium.  Previous work in this area suggests a scale of equilibrium larger than ~50 
cm (Christensen et al., 1989), so I am confident that garnet within a hand sample 
experienced similar nucleation and growth conditions.  In order to address nucleation and 
growth of garnet throughout a formation or across the entire outcrop, a much more 
extensive sampling and analysis procedure would be necessary. 
In order to choose an appropriate hand sample for this study, nine samples 
ranging from 22-36 kilograms were collected from promising lithologies along the 
spillway outcrop and surrounding woods at Townshend Dam VT during summer 2007 
fieldwork.  Preference was given to specimens displaying larger garnets and lower 
inclusion density within garnets.  At WWU, several thin sections were cut from each 
sample and examined on a petrographic microscope to determine mineral modes.  
Although several factors were used to select the best sample for the study, such as lack of 
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garnet-to-chlorite retrogression, the most important factors relate to the garnets 
themselves. The sample (TD074) that contained the largest garnets with the lowest 
inclusion density, as well as a range of garnet sizes throughout the sample, was selected 
for the study. 
Another consideration in sample selection was avoiding porphyroblasts with 
multiple nucleation sites.  Whitney and others (2008) found evidence of polycrystals, or 
crystals that form around two or more coalescing nuclei, in garnets from the Townshend 
Dam area.  In most of the polycrystals presented in that study, the multiple nuclei 
coalesced before the development of chemical growth zoning, and are only revealed 
using electron back-scatter diffraction (EBSD) to reveal misorientations in the crystal 
lattice.  The garnets in that study that were not polycrystals and grew around one 
nucleation site were all euhedral and located in muscovite and paragonite rich layers of 
the sample.  To attempt to avoid this nucleation site clustering, the chosen sample 
(TD074) had higher percentages of muscovite and paragonite as opposed to biotite in the 
matrix.  
Within the selected specimen, selection of garnets for dating offered a second 
chance to limit the possible interference of chemical disequilibrium.  Originally, in order 
to test for equilibrium across the specimen, the sampling plan included extracting garnets 
across the length of the sample for radiometric dating.  However, because of limited 
access to radiometric dating laboratory facilities, dating was limited to two garnets 
located 9.84 cm apart from each other, and separated by 1.55 cm parallel to foliation.  In 
order to further limit the potential effects of disequilibrium, all subvolume garnets used in 
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this study were confined to a portion of the original sample near the two dated garnets, 
approximately one fourth of the entire sample (11 x 25 x 15 cm).  
Flat Panel Amorphous Silicon High-Resolution Computed Tomography (FLASHCT) 
In order to fully document the sizes and distribution of the garnets in TD074 to 
aid in selection and extraction of garnets, the sample was scanned using high resolution 
X-ray computed tomography (HRXCT), an industrial application of medical CT 
technology (Appendix 1).  HRXCT uses X-ray absorption contrast (chiefly based upon 
atomic number and density) between matrix and porphyroblast materials in rocks to 
image the sizes and locations of porphyroblasts in a specimen (Carlson and Denison, 
1992; Denison and Carlson, 1997; Denison et al., 1997). 
HRXCT imaging was conducted at Washington State University on the Flat Panel 
Amorphous Silicon High-Resolution (FLASH) Computed Tomography FCT-4200 
scanner.  The sample was cut into a rough rectangular prism (15,750 cm3, 42 x 25 x 15 
cm) to fit into the machine and the Pantak/Seifert 420 kV X-ray source was used to image 
the rock.  A total of 1612 two-dimensional X-ray slices were acquired with a resolution 
of 0.21 mm/pixel resolution within each slice and 0.26 mm spacing between slices.   
Garnet Preparation 
Since TD074 may be involved in future studies, I attempted to keep the sample 
relatively intact while still extracting crystals for dating.  Using the HRXCT data, four 
garnets with suitable sizes for Sm/Nd dating (>1.5 cm) were identified near the surface of 
the sample TD074 (Appendix 2).  These garnets were extracted from the sample using a 
Dremel tool to powder the softer matrix around the relatively hard garnet porphyroblast.  
Two garnets (garnet 1 and garnet 4) were selected for dating based on inclusion density 
and size.  
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Once extracted, a flat plane was cut roughly 1 mm from the morphological center 
of each of the two garnets.  First, EPMA data was collected from the ‘front’ plane of the 
wafer to inform sampling decisions for the Sm/Nd dating.  In order to minimize material 
lost, a wafering saw at Boston University with a 0.3 mm blade width was used to cut a ~2 
mm thick wafer parallel to this plane.  Once the wafer material was dissolved during the 
isotopic dating procedure (described below in ‘Sm/Nd Isotopic Analysis’ section), EPMA 
data were also collected from the garnet crystal adjacent to the ‘back’ of the cut wafer 
(Fig. 5).  
The selection of the subvolume material was also informed by the HRXCT data, 
which ensured that the subvolume contained a suitable number of garnets of various 
sizes.  A portion of TD074 sized 7.5 x 4.5 x 4.5 cm (151 cm3) was disaggregated and all 
garnets within that portion were located in the HRXCT data (Appendix 2).  The 
subvolume was a maximum of 14.6 cm away from the center of garnet 1 and 9.9 cm 
away from the center of garnet 4.  Since the intention was to locate the central portion of 
the garnets within this subvolume, garnets cut by the saw on any faces were not included.  
Eight intact garnets (G, I, J, L, M, N, O, and P) were extracted and cut to expose the 
morphological center.  The volume of rock that included all eight intact garnets but 
excluded all other garnets was determined by examining located garnets within the 
HRXCT data.  The midpoint between the outmost included garnet and the nearest 
excluded garnet was chosen as the boundary in order to include the matrix most likely 
involved in the migration of elements during nucleation and growth.  In one case, the 
boundary was simply the edge of the sample.   
Electron Probe Microanalysis (EPMA) 
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All electron probe microanalysis (EPMA) was performed on a Jeol 733 
Superprobe located at the University of Washington (Appendix 3).  Backscattered 
electron (BSE) images were collected for all samples analyzed.  Energy dispersive 
spectrometer (EDS) X-ray maps for garnet of Fe, Mn, Mg, and Ca were collected using 
Princeton Gamma Tech eXcaliber software at a beam current of 50 nA measured on the 
Faraday cup and accelerating voltage of 15 kV to determine the zoning patterns 
(Appendix 4).  Wavelength dispersive spectrometer (WDS) point analyses for garnet of 
Si, Ti, Al, Fe, Mn, Mg, and Ca were collected at a beam current of 20 nA, accelerating 
voltage of 15 kV, and beam diameter of 1 µm.   
As mentioned in the ‘Garnet Preparation’ section above, EPMA was used to 
analyze two planes of garnet 1 and garnet 4.  Prior to Sm/Nd dating, X-ray maps and 
point analyses were collected from the ‘front’ plane of the wafer.  The resolution of these 
X-ray maps was ~25µm per pixel for an image size of 496 x 376 pixels.  Since the point 
analyses were collected with a beam diameter of 1 µm, these first X-ray maps were too 
coarse to precisely locate the point analyses (described in detail below in the ‘MATLAB’ 
section).  The X-ray maps collected from the ‘back’ plane of the garnet crystal had a 
higher resolution of 13.2 µm per pixel, for an image size of 1089 x 828 pixels.  In 
addition to the X-ray maps, two orthogonal rim-core-rim transects were collected during 
each session. 
For the eight garnets in the subvolume (garnets G, I, J, L, M, N, O, and P), BSE 
images and two orthogonal WDS transects focusing on the morphological center of the 
garnet were collected (Fig. 6).  The primary goal of these analyses was to locate the 
region of peak Mn content in order to determine the age of nucleation. 
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Analysis of the matrix minerals was performed on polished thin sections taken 
from within 10 cm of garnet 1 and garnet 4.  WDS point analyses for biotite, chlorite, 
muscovite, and paragonite of Si, Ti, Al, Fe, Mn, Mg, Na, and K were collected at a beam 
current of 10 nA measured on the Faraday cup, accelerating voltage of 15 kV, and beam 
diameter of 1 µm.  Feldspar was analyzed for Si, Al, Fe, Mg, Ca, Na, and K with a beam 
current of 3 nA, accelerating voltage of 15 kV and beam diameter of 1 µm.  These 
analyses were performed in order to characterize the chemistry of the matrix minerals for 
use in future analysis of this rock. 
Sm/Nd Isotopic Analysis  
 A careful procedure of sieving, magnetic separation, hand picking, and partial 
dissolution was followed in order to produce pure garnet separates from garnets 1 and 4 
for thermal ionization mass spectrometry (TIMS) analysis.   The first step in the process 
is extracting the core and rim material from the garnet.  The X-ray maps and point 
analyses were used to determine core and rim regions with suitably high and low Mn 
content, as well as large enough volumes to yield dates.  After mounting the wafer on a 
graphite block, these regions were isolated using a New Wave MicroMill to drill through 
the wafer along lines separating the core, annulus, and rim (Fig. 7).  The MicroMill is a 
table-mounted drill that incrementally drills through material by following pre-set drill 
lines and reference points programmed into the attached computer using specific software 
(Charlier et al., 2006).  The MicroMill slowly moves down from the starting point above 
the sample through the sample until it completes the cut through the material by 
powdering the material in the specified drill lines and leaving the remaining sample 
intact.  The drill bit has a width of 800 µm, and the material powdered by the drill was 
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discarded.  The locations of the drill lines were precisely located by reference points 
(cracks or inclusions easily located on the surface) and marked on the BSE images of 
these garnets.   
The core and rim separates were treated to a series of final preparation steps as 
follows from Baxter and others (2002) before any chemical dissolution.  The regions 
were ultrasonically cleaned in water and isopropyl alcohol, then crushed with a tungsten 
carbide mortar and pestle.  The samples were then sieved through 200- and 100-mesh 
sieves to split the powder from the grains of appropriately sized garnet.  The 100-200 
mesh fraction was ultrasonicated in alcohol and then separated with a Franz magnetic 
separator to isolate the garnet from the lower density mica and quartz grains present as 
inclusions.  The resulting sample was then handpicked in alcohol to remove any non-
garnet grains and garnet grains that contained visible inclusions.  
The prepared garnet cores and rims were partially dissolved in order to leach 
inclusions from the garnet material (Baxter et al., 2002).  The partial dissolution consists 
of three separate acid treatments, in which the sample is placed in a Teflon beaker with 
acid on a hotplate.  The samples are heated at specific temperatures for durations of time 
particular to each step.  The samples are intermittently ultrasonicated during treatments.  
Between each acid treatment, the samples are rinsed in 1.5N HCl and Milli-Q water and 
ultrasonicated.  These steps are designed to dissolve any remaining inclusions, as well as 
some of the garnet mass, to produce a pure garnet separate.  The first acid treatment 
added ~2.0 mL of concentrated HNO3 to the garnet sample and heated at 133 °C 
overnight, for 16 hours.  The sample was ultrasonicated for 5 minutes on the hour for the 
first 3 hours, and again after 16 hours.  For the second acid treatment, ~1.0 mL of 
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concentrated HF was added to the samples and heated at 107 °C for 90 minutes.  The 
samples were ultrasonicated for five minutes every 10 minutes during the entire treatment 
step.  The final acid treatment is a perchloric acid treatment, wherein ~2.0 Ml of 
perchloric acid was added to the samples, which were heated covered at 166 °C for 1 
hour, ultrasonicated, and left on the hotplate overnight uncovered to dry.  The garnet 
separates were then fully dissolved using heat and hydrofluoric acid (HF), and dried.  The 
residue (the elements of the powder now present as fluoride salts) was dissolved in nitric 
acid (HNO3) to break down the salts. 
Matrix samples were used instead of whole-rock samples in this study, due to the 
inhomogeneous distribution of garnet material in the rock.  In order to prepare a whole-
rock powder with a representative amount of garnet, the entire sample would need to be 
powdered.  The HRXCT data were used to select two chunks of material sized about 1 
cm3 that excluded garnet and were adjacent to garnets 1 and 4.  These chunks were 
trimmed of any weathered surfaces and broken into smaller pieces for powdering.  Care 
was taken to check for and remove any garnet in the matrix samples while breaking into 
smaller pieces.  The pieces were powdered in an agate Spex mill.  These powders were 
then fully dissolved using the HF and HNO3 treatments described above.  
After dissolution, the samples were prepared by workers at Boston University for 
isotope analysis on a Thermo Finnegan Triton thermal ionization mass spectrometer 
(TIMS).  Samples were run through three chromatographic column chemistry steps to 
separate the Sm and Nd from the bulk sample.  First, the samples were run through an Fe 
clean-up column to remove iron, which can interfere with the analysis.  Next, the samples 
were run through a TRU-spec column to elute the rare earth elements (REEs).  Finally, 
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the REEs were run through a column with α-hydroxyiso-butyric-acid to isolate the Sm 
and Nd.  Once the samples were prepared, they were loaded onto filaments and run on the 
TIMS.  Details of the column chemistry and analytical procedure can be found in Harvey 
and Baxter (2009). Isotopic ratios are presented in Table 1. 
MATLAB 
The several sources of raw data - EPMA X-ray maps, point analyses, and Sm/Nd 
ages – were processed and combined into the primary tool of this new method, the Mn-
age relationship.  MATLAB functions (Appendix 5) were created (or in one case, 
modified) for this study to: 1) determine the best estimate for average Mn content of the 
dated garnets and 2) calculate the form and associated error for the relationship between 
Mn content and age.   
A function called THRESHOLD.M creates a mask of each BSE image in order to 
separate garnet material and non-garnet material (inclusions), and exclude the non-garnet 
material from further analysis.  In order to create this mask, the color threshold levels of 
the BSE image were adjusted to determine the threshold of ‘garnet’ gray and ‘inclusion’ 
gray.  Then a matrix the same size of the BSE image where each pixel consisted of either 
a 1 or a 0 was created, where a value of 1 indicates garnet and 0 indicates not garnet 
material.  In this manner, inclusions that were darker than the garnet (feldspars, quartz) 
and inclusions that were lighter than the garnet (apatite) were omitted from the 
determination of average Mn content of the dated garnet microdomains (Fig. 8).  Where 
the distinction was difficult, overestimation of the inclusion size was used to ensure the 
removal of all inclusions.   
 Once non-garnet material was excluded from the X-ray maps, the next step was 
to quantitatively evaluate the average Mn content of the dated regions from the 
16
qualitative X-ray maps.  Due to the low concentrations of Mn in the garnet samples, and 
the low beam current during collection of the X-ray maps, the counts per pixel in the 
original Mn X-ray maps were low (~8 counts/pixel).  As a result of this lack of intensity 
resolution, the grayscale levels of the X-ray maps do not precisely reflect the variation in 
Mn content.  To remedy this, a function called SMARTBLURROUND.M blurred the X-ray 
maps to reflect the average Mn value of each pixel.  This effectively incorporates not 
only the counts per pixel values for each individual pixel but also the quantity of 
surrounding pixels with such values, to better estimate the actual Mn concentration at 
each point in the garnet image.  Each value for a garnet pixel in the map was averaged 
based on the values in the surrounding garnet pixels, with a user-specified radius.  For a 
radius of 1, the program evaluates the values for the target pixel and all surrounding 
garnet pixels that are equal or less than 1 pixel (the specified radius) away, in this case 4 
pixels, and returns an average value for the target pixel.  If one of the pixels were marked 
as non-garnet by the clipping mask, then the average would exclude that pixel, and only 
include the three garnet pixels in the radius.  This process results in a blurring of the X-
ray map reflective of average Mn values in the pixels.  A radius of 20 pixels (within an 
entire image size of 1089x828 pixels) produced smooth zoning contours in these X-ray 
maps, which matches the expected result of smooth continuous zoning documented in 
these samples (Christensen et al., 1989) (Fig. 9).   
In order to translate the qualitative X-ray maps into quantitative Mn values, the X-
ray maps were calibrated with the WDS point analyses.  A function called 
POINTGRAYSCALES.M translates the millimeter-scale x and y coordinates for WDS point 
analyses from the EMPA stage into pixel-scale x and y coordinates.  The end points of 
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each transect were marked on the BSE images during probing and matched to the 
corresponding pixel in the matrix.  From these matching pixels, the transect points were 
converted from stage coordinates in millimeters to points in pixel coordinates 
independently for the x and y directions.  The grayscale values at these pixel coordinates 
were evaluated, and then correlated with the measured Mn proportion in the garnet (XSps) 
from the WDS point analyses.  The resulting paired grayscale and XSps values yielded a 
linear relationship between grayscale and XSps for each individual X-ray map (Fig. 10).  
From this correlation, any grayscale point on an X-ray map produces an XSps value, and 
average XSps values can be determined for portions of the X-ray maps.  
In order to obtain average XSps values for a specific region of an X-ray map, that 
region was isolated.  Drill lines from the MicroMill were used to create two masks, one 
delineating each of the two dated regions (core and rim) for both garnets 1 and 4 (Fig. 
11).  The drill lines were initially located on BSE images of the front garnet wafers while 
drilling occurred at Boston University.  Due to the coarse resolution of the front wafer X-
ray maps (discussed in the ‘EPMA’ section), the drill lines were translated to the back 
garnet wafers based on inclusion patterns and crystal shape.  The error associated with 
this translation is discussed in the ‘Error Analysis’ section.  A function called ISOLATE.M 
calculated an average grayscale of each entire region excluding all non-garnet material, 
including stage material, using the blurred X-ray map.  From this, the dated 
microdomains of garnets 1 and 4 were assigned an average XSps content. 
To calculate the form and error of the Mn-age relationship, two distinct data sets 
were linked – the XSps vs. grayscale and the XSps vs. age.  To calculate the best-fit line 
describing each of these relationships, a function called WTLS_LINE_OFFSET.M (Krystek, 
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2007) was used.  This program calculates the weighted total least squares fit in a linear 
relationship between two inputs (XSps and grayscale, or XSps and age), taking into account 
the independent error in both x and y inputs and returning values for α (the slope angle in 
radians) and p (the distance to the line from the origin), and the variance in each.  Alpha 
and p were preferred over more typical slope (m) and intercept (b) to describe the line 
based on apportioning uncertainty into the line descriptors.  If m and b are chosen, the 
error in b is vertically biased (it is the y-axis intercept).  For any two slope-offset 
parameters used to describe a line, their uncertainty can describe the uncertainty in the 
position of the line.  However, at the offset position, the slope uncertainty contributes 
nothing to the total uncertainty of the line’s position; if m and b are chosen, this offset 
position is constrained to be on the y-axis, forcing points near the y-axis to be 
unreasonably precise, whereas with α and p, the offset point is not constrained in this 
way. The original program was modified to center the midpoint of the data around the 
origin to moderate the effect of concentration of the error in the points furthest away from 
the origin. 
Having established the equation describing the linear relationship between two 
inputs (XSps and grayscale, or XSps and age), and the variance in the slope and intercept, 
these lines can be used to infer XSps from a grayscale value, or age from an XSps value.  A 
function called REF2LINE.M was used to reference an input value of one variable (e.g., 
XSps) to the line, and produce an output value of the other variable (e.g., age).  This 
function uses a Monte Carlo analysis to determine the uncertainty associated with an 
output value derived from a line with specified uncertainties in slope (α) and offset (p).  
For the XSps-grayscale line, the input is the average grayscale of the dated region’s Mn X-
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ray map, and the output is the average XSps content of the dated garnet material.  For the 
XSps-age relationship, the input is an XSps value from EPMA, and the output is an age 
estimate.  This allows us to derive “Mn-ages” from the XSps-age relationship. 
Nucleation Rate 
The nucleation rate for the sample was calculated using the eight subvolume 
garnets.  As described in the ‘EPMA’ section, two orthogonal EPMA transects of WDS 
analyses were collected across the central region of all the subvolume garnets.  The 
highest XSps content from each garnet was interpreted to represent nucleation age.  This 
XSps content was referenced to the XSps-age line to infer an age estimate and upper and 
lower error estimates.  Nucleation rate was calculated by determining the number of 
nuclei formed, in this case all eight garnets in the subvolume, the elapsed duration of time 
over which nuclei were forming, which is taken to be the difference between the age of 
the oldest garnet core and the youngest garnet core, and the volume of sample involved, 
leading to a nucleation rate measured in nuclei/m.y./cm3. 
Growth Rates 
The elapsed time interval of growth was calculated for garnets 1 and 4 based on 
the difference between the highest and lowest XSps EPMA transect point values, and the 
age inferred Mn-ages.  Elapsed growth intervals are the difference between the oldest 
region of the garnet (the core) and the youngest region (the rim), and represent the total 
duration of growth.  The largest spread in XSps (and therefore age) was used to determine 
elapsed growth rates for garnets 1 and 4.  Elapsed growth rates were not determined for 
subvolume garnets because the EPMA transects focused on the core values and did not 
extend fully to the rim, thus not analyzing the entire growth interval.  Error associated 
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with the elapsed growth interval was determined using standard methods to propagate 
uncertainties from the uncertainties in the core and rim ages (Taylor, 1982). 
Incremental radial growth rates were calculated for all analyzed garnets (garnets 1 
and 4, and subvolume garnets).  These growth rates are calculated for small segments of 
radius and time.  The radii were calculated outward from the core point (highest XSps 
value) using the stage coordinates of the EPMA transects.  Each point along the transect 
represents a change in radius, a change in XSps, and therefore a change in time.  The 
radial growth rate is simply the change in radial distance over the change in time, 
producing an incremental growth rate for that portion of the growth history, measured in 
mm/m.y.   
Error Analysis 
In developing this method, and specifically the XSps-age relationship, it is 
critically important to correctly propagate the error from all relevant sources.  At this 
time the uncertainties in the Sm/Nd ages (reported in the 'Geochronology’ section and 
Table 1) dwarf the multiple sources of uncertainty propagated into the XSps values (both 
the XSps of the dated volumes and the XSps of the subvolume transect points used to 
produce a Mn-age).  However, similar microanalysis of garnet from the Alps has yielded 
Sm/Nd isotopic ages with errors of <=0.7m.y. (Pollington and Baxter, 2010) suggesting 
that future applications of this method could have significantly lower age error.  Thus 
uncertainty in the XSps values may be an important factor in evaluating the overall 
uncertainty.  
The uncertainties in XSps values for the XSps-age relationship come from multiple 
factors, some of which are contained in the uncertainty in the XSps-grayscale relationship.  
The WTLS_LINE_OFFSET.M and REF2LINE.M functions were used to assess the 
21
uncertainties in the XSps-grayscale line based on the uncertainties in XSps and grayscale 
input variables.  However, the grayscale values for the X-ray maps have no quantitative 
error as they are qualitative EDS instead of quantitative WDS maps.  In order to evaluate 
the effect of the true (but unknown) error in grayscale values on the XSps-grayscale 
relationship, three error estimates were tested.  Error in each grayscale value is due to 
analytical error during the collection of the X-ray maps, as well as error introduced 
during the blurring of the grayscale.  Since the X-ray maps were all collected in the same 
session and subjected to the same blurring process, it is reasonable to assume that all 
grayscale values have approximately the same uncertainties.  The blurred grayscale 
values were in the range of 0.2-1.1, on an arbitrary unitless scale from zero to eight 
derived from the X-ray mapping software on the electron microprobe.  Since there is no 
way to determine the true uncertainty in the grayscale values, to examine the effect of 
uncertainty, three error estimates for the grayscale value were investigated: (low) 0.001, 
(moderate) 0.01, and (high) 0.1.  The slope and offset values for the moderate and high 
error were identical, and the low error produced slightly different values.  The variance of 
the slope and intercept changed by an order of magnitude between the low, moderate, and 
high error estimates.  When using the different error estimates to infer an XSps value from 
the XSps-grayscale line, the XSps values for all three error estimates were essentially the 
same, with the values produced by the low error estimate varying slightly for the lowest 
rim value (Table 2).  To determine the effect of grayscale uncertainty on the final age 
estimates, each of these three estimates of grayscale uncertainty were incorporated into 
the total uncertainty estimated in the XSps-grayscale line with the function 
WTLS_LINE_OFFSET.M.  Age estimates for the core and rim of garnet G were produced 
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using each grayscale error estimate (Table 3).  The age estimates were the same to three 
decimal places and error estimates were the same to one decimal place, indicating that the 
choice of grayscale error is immaterial, and suggesting that any reasonable choice for the 
grayscale error has negligible contribution to the total age error.  In the absence of a 
better grayscale error estimate, the moderate grayscale error value was chosen. 
Another source of error in the XSps values in the XSps-age relationship stems from 
the translation of the drill lines from the front wafer X-ray map to the back wafer X-ray 
map.  This translation was made based on matching the inclusion patterns and crystal 
shapes from the BSE images for both the front and back wafers.  For garnet 1, this 
matching process was straightforward, but for garnet 4, this process was tricky because of 
changes in the inclusion patterns from front to back.  When comparing the BSE images 
for the front and back wafers, a subjective best fit was derived, which represents the best 
match based on crystal shape, and a worst fit, which represents the largest offset from the 
best fit that could still be plausible.  The best fit and worst fit produced pairs of XSps 
values for each of the core and rim regions; the members of each pair differ by 0.0129 for 
the core and 0.0064 for the rim.  This means that the error in the XSps values for the back 
wafer includes both the error introduced from the difference between the best- and worst-
fit drill lines, and the uncertainty in the fit of the XSps-grayscale line calculated by 
WTLS_LINE_OFFSET.M and REF2LINE.M.  These two independent error sources were 
combined using standard error propagation methods (Taylor, 1982).  In the interest of 
using the best data available (the higher resolution back wafer X-ray images) and still 
producing a conservative estimate, the X-ray maps for the back wafer were used over the 
front wafer X-ray maps. 
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In the case of the XSps-age relationship, the error associated with the ages (given 
in the ‘Geochronology’ section) severely dwarfs the error associated with the XSps 
determination, which factors in error in the XSps-grayscale, drill line location, and 
analytical error of XSps input.  When the error associated with XSps values is removed, the 
final error values derived from the XSps-age relationship are reduced to 99.2% of their 
actual value, while if age error is removed from the XSps-age relationship, final error 
values are 0.8% of their actual value.  The previously discussed error due to locating drill 
lines is only applicable to garnet 4, and is larger than the error derived from the XSps-
grayscale line, although still much smaller than the error from the Sm/Nd dating.  The 
uncertainty in the XSps-age relationship was determined with WTLS_LINE_OFFSET.M.  
REF2LINE.M was used to reference a value to the XSps-age relationship and determine an 
age and error for each Mn-age.  The errors in the nucleation and growth rates were 
calculated using these errors and standard error propagation (Taylor, 1982).  For the 
nucleation rates, minimum and maximum nucleation ages were calculated from these 
ages and errors, and used to determine upper and lower bounds on the nucleation rate in 
the subvolume.   
In order to calculate the error in growth rates, the same approach to calculating 
error in the nucleation rate was used.  For elapsed growth rates, this is simply the 
standard propagation of error between the difference in oldest and youngest ages.  For 
incremental growth rates, the age uncertainties were used to determine minimum and 
maximum ages, and then the changes in these ages and the same change in radius 
calculated from the transect stage coordinates were used to calculate the minimum and 
maximum growth rates.  The difference between these minimum and maximum rates and 
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the best estimate of growth rate yields upper and lower uncertainties for the best estimate 
growth rates. 
RESULTS 
Mineralogy & Chemistry 
Sample TD074 is a garnet + muscovite + paragonite + biotite + chlorite + 
plagioclase + quartz schist with accessory apatite and zircon.  Fine-grained inter-grown 
muscovite and paragonite layers alternate with biotite and quartz rich layers on a 
millimeter scale and define the foliation.  The muscovite and paragonite crystals are 
typically elongate and range from 50-500 µm, and compose 40% of the sample.  Biotite 
is tabular to platy, and makes up 20% of the sample.  It is typically much larger in biotite- 
and quartz-rich layers (up to 2 mm) than when it occurs in muscovite and paragonite 
layers (50-750 µm).  Quartz occurs primarily in foliation-parallel veins and in strain 
shadows around the garnet porphyroblasts, with some isolated quartz grains among the 
sheet silicates (Fig. 12).  Quartz abundance varies throughout the sample, and veins can 
compose up to 50% of the rock locally, while in the muscovite and paragonite layers, 
quartz is 1-5%.  Plagioclase occurs primarily in strain shadows around the garnets, with 
minor amounts embedded in the silicate matrix (Fig. 12), and composes 3% of the 
sample. Chlorite, which makes up 7% of the sample, is primarily blocky and crosscuts 
the fabric (Fig. 12), although some chlorite grains are crenulated by the foliation.  See 
Table 4 for detailed matrix mineral compositions for TD074.   
Garnet occurs throughout the sample, and composes 10% of the rock.  It is 
typically subhedral and exhibits a roughly dodecahedral crystal form.  It ranges in 
diameter from 0.2-2.5 cm.   Townshend Dam region is a classic locality for spiral 
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inclusion patterns in garnet (Bell et al., 1992; Christensen et al., 1989), and garnets in this 
sample exhibit curved inclusion trails that predominately consist of quartz and are 
continuous with the foliation at the garnet rims.  Garnets exhibit growth zoning with high 
Mn cores and low Mn rims.  Ca (XGrs) also decreases from core to rim, while Fe (XAlm) 
and Mg (XPyr) increase (Fig. 13).  
Geochronology 
 Ages from Sm/Nd analysis were calculated from two-point isochrons consisting 
of the matrix isotopic values contrasted with either the core or rim isotopic values (Fig. 
14, Table 1).  A two-point isochron was used because there are no other REE-bearing 
phases known to be in equilibrium with garnet at the same time.  Matrix minerals were 
not necessarily growing at the same time as the zones of garnet, and different zones of 
garnet were growing at different times.  Although not having a multiple-point isochron 
prevents determination of loss of Sm and Nd during the metamorphic event, this is 
unlikely to be problematic because Sm and Nd tend to be immobile in crustal fluids 
(Baxter and DePaolo, 2002).  The slope of the isochron is related to the age via the 
simple relation 
        (3) 
where m is the slope of the isochron, λ is the decay constant for 147Sm, and t is the 
closure age of the Sm/Nd system.  Values of 147Sm/144Nd and 143Nd/144Nd for the matrix, 
core, and rim samples, and errors for those values were measured by TIMS analysis.   
Ideally, one isochron would be derived from garnet core and whole rock because 
the cores of large garnets started forming first and grew in equilibrium with the whole 






because the garnet rims formed last and grew in equilibrium with the matrix (rock 
material without garnet).  However, matrix and whole rock 147Sm/144Nd ratios are often 
virtually identical in metamorphic pelitic rocks (Stowell et al., 2001; Vry et al., 2004) for 
several reasons.  Typically, Sm and Nd concentrations are much higher in matrix and 
whole rock than in garnet separates, indicating that removal of garnet from the whole 
rock does not measurably change the Sm and Nd concentrations of the matrix.  More 
importantly, the Nd concentrations are much higher in matrix and whole rock than in 
garnet, resulting in much lower Sm/Nd ratios in matrix and whole rock.  Although some 
143Nd accumulates in the matrix during garnet formation due to radiogenic decay, 
because the amounts of non-radiogenic Nd are so high, the contribution of radiogenic Nd 
is so minimal that the Sm/Nd ratios for matrix and whole rock are essentially the same.  
In this study, the matrix values were used for both the core and rim isochrons.  
The age uncertainties were calculated by combining the 147Sm/144Nd error and the 
143Nd/144Nd error (presented in Table 1).  A conservative estimate of 0.1% of the 
147Sm/144Nd isotopic values is used for 147Sm/144Nd error based upon calibrations of the 
mixed Sm/Nd spike.  143Nd/144Nd error is either the internal precision or external 
reproducibility, whichever yielded the highest error.  The internal precision is determined 
from repeat analyses of the isotopic ratios of the sample during TIMS analysis, and 
calculated using standard error statistics.  The uncertainty in these analyses is due to 
problems during the TIMS analysis, such as how the sample was loaded onto the 
filament.  External precision is the overall external laboratory precision based on the 
reproducibility of a standard for the time over which all the analyses in question were 
run.  This error is typically fairly low, and accounts for all errors in the laboratory and the 
27
TIMS instrument that are not specific to the analyzed specimen.  The external precision 
was used to calculate the error only if it was worse than the internal precision, that is, if 
an analysis ran flawlessly and had very good internal precision, the higher external 
precision was used in error calculations. 
The matrix analyses for both garnets 1 and 4 yield low 147Sm/144Nd ratios and low 
analytical error on the 143Nd/144Nd ratios.  Rim microdomains for garnets 1 and 4 yield 
relatively high 147Sm/144Nd ratios, and thus, due to the wide spread between matrix and 
rim Sm/Nd ratios, produce ages of 372.8±5.7 Ma and 372.8±4 Ma (2σ) respectively.  In 
contrast, core microdomains for garnets 1 and 4 yield low 147Sm/144Nd ratios; the spread 
between these and the matrix ratios is very small, resulting in age estimates with high 
uncertainty: 390.7±47 Ma and 399.1±33 Ma respectively.  Since both the cores and the 
rims were leached using the same partial dissolution procedure, this suggests that the 
cores have a more abundant inclusion population that requires more aggressive leaching. 
In order to move forward with this study and develop this method, an estimate for 
the core ages is necessary to perform the calculations.  Since the garnet core samples did 
not yield meaningful ages, published garnet core dates from this locality in the literature 
were used to estimate an age.  There are four published dates, two (both 380±2 Ma) from 
Christensen and others (1989) using a Rb/Sr dating technique previously described, and 
two (382.1±6.1 and 377.8±12.9 Ma) from an unpublished Ph.D. thesis (Baxter, 2000) 
using Sm/Nd dating.  All four of these ages are interpreted as growth ages, as garnet grew 
below the closure temperature for both methods.  These ages yield an average of 380±3.5 
Ma (2σ).  This age estimate is consistent with the analyzed core Sm/Nd core ages within 
their large uncertainties.  The garnet core estimate is also statistically indistinguishable 
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from the analyzed rim ages.  All four of these dates are from cores of garnets in the 
Pinney Hollow Fm at Townshend Dam, although they are not from the same garnet as the 
rim ages, or even from the same place in the outcrop.  This necessarily introduces another 
source of error, however, the combined average of these ages is the best available 
constraint for the age of the Townshend Dam garnet cores.   
Mn-Age Relationship 
The XSps-age curve is the primary tool developed in this study (Fig. 15).  The rim 
ages are from the Sm/Nd dating, the core ages are from the literature, and the XSps values 
are derived from the X-ray maps.  Due to the scarcity of data, the simplest fit for these 
data is linear and is given as:  
Age = (4x1014x101 Ma)(XSps) + 3.8x1028x102 Ma (4) 
and the error envelope plotted was calculated with the weighted total least squares 
program described in the ‘MATLAB’ methods section.  Ages can be indirectly 
extrapolated from this line based on XSps content (Fig. 15), allowing many ‘Mn-ages’ to 
be determined for garnets in the subvolume.   
Nucleation Rates 
Core XSps from eight subvolume garnets were analyzed, and yield Mn-ages 
ranging from 377.2±3.0 to 382.2±6.0 Ma (Table 5).  The estimated nucleation rate for 
this subvolume is  nuclei/cm3/m.y.  Nucleation occurs over 4.9±2.9 m.y. for the 
subvolume garnets.  Although the uncertainty is large, the data suggest that the nucleation 
rate may be constant (1 nuclei/m.y.) in the beginning and then start to increase (up to 2 
nuclei/m.y.) towards the end of the represented nucleation period (Fig. 16).  
Growth Rates 
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Growth rates presented in this study are very preliminary.  Elapsed growth 
intervals for garnets 1 and 4 are 9.8±7.3 and 8.0±6.6 m.y., respectively, calculated from 
the highest and lowest XSps points in the EPMA transects.  These are consistent with 
durations calculated by other workers for this area (Christensen et al., 1989).  Incremental 
growth rates calculated from the two dated garnets (garnets 1 and 4) document core to 
rim growth, whereas growth rates from the subvolume garnets only document early 
stages of growth (Fig. 17).  The two orthogonal EPMA point transects yield four lines 
radiating from the core XSps content for each transect.  These growth rates are 
complicated, exhibiting sharp increases and decreases, and unreasonable values such as 
negative growth rates.  Some subvolume garnets have short transects (fewer than 4 
points), creating the additional challenge of describing a trend with sparse data.  In 
garnets with lines that returned reasonable values, the line exhibiting the smoothest 
growth rates was chosen as the best estimate of the growth rate and used to display the 
error envelope.  In general, the growth rates are highest in the cores, and decrease 
outward towards the rims, although the rate estimates are complicated enough that no 
quantitative estimate of the fluctuation can be derived, and even this simple trend is not 
always observed.   
DISCUSSION 
Mn-Age Relationship 
The major assumption underlying the XSps-age relationship is that the sample 
maintained rock-wide equilibrium in a closed system.  In this scenario, all garnets have 
access to the same raw chemical material and precipitate the same chemical composition 
at the same time, and thus chemical content is linked to age.  In the case of XSps content, 
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the consumption of Mn in formation of garnet creates a predictable change over time in 
the XSps of garnet.  In order to create this systematic relationship, there can be no 
movement of material in or out of the studied volume during the crystallization event.   
The XSps-age relationship is a direct test of the equilibrium assumption: if the 
dated portions of garnet have the same XSps content, they should have the same age and 
the change in XSps content should vary in some predictable manner over time depending 
on the controlling kinetic factor.  Due to the complications in dating the cores of the 
garnets from this study, the discussion of equilibrium in this sample is limited to two data 
points, the rims of garnets 1 and 4.  As shown in Fig. 18, the two rims yield the same 
analytical age, with some large error, and yield the same XSps content within error.  This 
limited data set suggests equilibrium, at least on the scale of distance between these two 
garnets, ~10 cm.   
The XSps-age relationship, if properly calibrated by precise radiometric ages, has 
the potential to be a powerful tool for indirectly estimating ages for garnets in the 
subvolume, and has several advantages over traditional radiometric dating.  An age 
estimate for a point in a garnet is obtained by determining the chemical composition on 
an electron microprobe, a relatively cheap and easy process when compared to the 
lengthy, arduous, and expensive process of obtaining an age via Sm/Nd dating.  Another 
important advantage of this method is the scale of physical limitation for isotopic dating.  
Depending on the concentrations of Sm and Nd in garnet, a minimum mass of ~30 mg of 
garnet is required to begin the partial dissolution process, which constrains the size of 
microdomains or even whole garnets to those large enough to produce that volume of 
material.  Through indirect dating, ages can be determined for small garnets, and, more 
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notably, microdomains of ~250 µm3 (the typical excitation volume of a EPMA point 
analysis) can be dated.  Thus, this method offers significantly higher physical resolution 
of datable material than traditional isotopic dating. 
Nucleation Rate 
The nucleation rate presented in this study is significant as the first quantitative 
measurement of nucleation, despite the large uncertainty.  It is fundamentally different 
from other estimates of nucleation because it has an explicit time component.  Other 
estimates, such as crystal densities calculated from numerical models (Carlson et al., 
1995), when coupled with estimates of total orogeny duration, provide only lower limits 
on nucleation rate.  In order to compare nucleation rates calculated with this method to 
nucleation rates calculated by analysis of natural textures and numerical models, the same 
analysis and numerical modeling must be performed on the same sample.  
There are several underlying assumptions in the nucleation rate calculation, 
providing that the equilibrium and closed system assumptions discussed in the previous 
section hold.  The point with the highest XSps value in the orthogonal EPMA transects 
across the crystals was assumed to represent the age of nucleation.  Since there were no 
accompanying X-ray maps, the location of these transects was based on morphology, not 
chemical variation.  In three of the subvolume garnets, the highest measured XSps value 
comes from one endpoint of the transect, meaning that a higher value could be located 
beyond the transect.  In order to reliably analyze the highest XSps content in a crystal, 
maps of chemical concentration should inform point analysis location. 
In addition, the subvolume was composed of only fairly large garnets (0.6-1.7 
cm).  This was due in part to intrinsic characteristics of the sample, which was chosen 
based on the ample large garnets, and in part to sampling constraints.  Although 
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quantitative analysis on crystal size distribution in the sample is not available, 
qualitatively, garnets in the entire sample range from 0.2-2.5 cm.  In order to understand 
the entire nucleation process and produce a nucleation rate that reflects changes from 
start to finish, a size distribution of garnets reflecting that of the entire sample is needed. 
The next step for using quantitative nucleation rates is to fit calculated rates to the 
predicted rate laws governed by different kinetic controls to test and refine these 
predictions.  Given the sparse data set, and the uncertainties in nucleation ages, it is 
unlikely that intricacies in the nucleation rate calculated here, such as the apparent pulses 
in nucleation at 379 and 377 Ma, reflect real changes in the kinetics.  However, with a 
more robust data set, the details of nucleation could be documented and used to 
discriminate between kinetic controls. 
Growth Rates 
Resolving detailed information about individual garnet growth offers an 
opportunity to document intricate changes in metamorphism: rotation of garnets during 
growth, changes in pressure and temperature, and the effects of garnet-producing or -
consuming reactions.  As with the nucleation rates, the growth rates presented in this 
study are valuable not so much for the conclusions drawn from them, but as an 
illustration of the potential for deriving detailed information by refining this method. 
In order to attempt to distinguish the rate-limiting factor during growth, 
mathematical solutions that approximate different kinetic controls were used to quantify 
the incremental growth rate behavior (Fig. 19, Table 6) of garnets 1 and 4.  Subvolume 
garnets were not suitable for this analysis because they lack core to rim transects.  
Precipitation control was modeled as constant radial growth, and diffusion control was 
33
modeled as constant areal growth.  The precipitation-control solution is the simple linear 
relation  
t=(Ar)+B,  (5) 
in which t is time, r is radius, and A and B are fitted constants.  The diffusion-control 
solution of constant areal growth is the somewhat more complex relation 
t=C*((r+B)-2)+A, (6) 
in which t, r, A, and B are as in equation (4) above, and C is an additional fitted constant.  
Neither solution fit the data consistently well enough to distinguish between the two rate-
limiting factors.  A crude nearest-neighbors analysis for the subvolume garnets (Fig. 20) 
shows a trend between decreasing garnet size and closer nearest neighbor garnets.  The 
nearest-neighbor analysis seems to fit best with predictions expected from a diffusion-
controlled environment, however, the data are too limited to be able to conclusively 
determine the rate-limiting factor. 
The incremental growth rates presented in this study are complicated, having 
sharp instead of smooth transitions, and impossible negative growth rates.  These 
complications could be due to several factors: low sampling density in the WDS and EDS 
data, three-dimensional inhomogeneity in the WDS data, and irregularities in the XSps 
zoning.  The EPMA transect analyses could easily be more closely spaced and 
concentrated on transition zones to yield gradational growth rates, rather than growth 
rates that have sharp jumps.  The negative growth rates are due to XSps values increasing 
from one point to another out from the central highest XSps point, when the values should 
be consistently decreasing.  The simplest explanation of this phenomenon is that the 
WDS point analysis included inclusion material below the surface plane of the garnet 
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wafer, anomalously lowering the XSps value.  Although probe error was included in the 
XSps error determination, and care was taken during EPMA analysis to avoid inclusions 
on the surface of the wafer, three-dimensional information about inclusion placement was 
not available. 
The larger assumptions involved in smooth gradational chemical zoning are that 
garnets experienced chemical equilibrium in a closed system, retrogression is absent, 
crystals were produced by single nuclei, and zoning is concentric.  Concerns about 
equilibrium and closed system behavior have already been addressed, and retrogression is 
not documented in this locality or observed in these samples.  Polycrystals have been 
observed in this sample locality (Whitney et al., 2008), and thus the negative 
instantaneous growth rates could be indicative of complex zoning due to two coalescing 
nuclei.  However, the polycrystals that Whitney and others (2008) present exhibit 
minimally disturbed chemical Mn zoning.  It seems unlikely that eight transects in this 
study would happen upon the small disturbances in Mn zoning that can potentially 
accompany polycrystals.  A much more likely explanation than polycrystals is that there 
are small irregularities in zoning related to minor fluctuations during the growth process, 
rather than zoning disturbance from polycrystal formation.  To resolve complications in 
these rates, higher resolution X-ray maps are needed to determine the true zoning pattern 
of the garnets, and WDS transects planned to accurately sample concentric growth 
zoning.  To determine if polycrystals are indeed complicating the growth rates, electron 
back-scatter diffraction analysis which detects lattice misorientation resulting from 
coalesced nuclei is needed. 
Best Practices Revealed by This Study 
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As the development and first trial of a new method, perhaps the most valuable 
result of this study is the knowledge of how to produce better results in future studies.  
The most obvious need is to have more dated garnet microdomains and more precise ages 
for those microdomains, so that the XSps-age relationship is more robust.  Dated garnets 
should be distributed throughout the sample to test equilibrium.  Garnets should vary in 
size within the dating size constraints to test for a relationship between size and duration 
of growth.  The entire range of XSps content should be dated, not just highest and lowest 
contents.  The HRXCT data should be used to statistically describe the sample and used 
in numerical models to produce a nucleation rate to compare modeled results to measured 
results.  A much larger subvolume of garnets, ideally the entire sample, should be used to 
calculate a nucleation rate. 
In addition to these broad suggestions to plan a better study, small specific 
adjustments to the methods are also presented that would yield better results.  The 
HRXCT data, when compiled into a 3D data set, should be used to more accurately target 
the morphological center of each garnet.  To address questions of how deformation 
affects nucleation and growth, garnet samples should be oriented when they are extracted 
from the sample, so that the central cut through the crystals can take into account the 
morphological center and the orientation of the foliation.  Using an inductively coupled 
plasma mass spectrometer (ICPMS) to directly determine the XSps from the dated 
material after dissolution but prior to column chromatography would be a better way to 
document the true chemical composition of the microdomains.  Alternately, more densely 
spaced EPMA points across both the back and front surfaces of the dated wafer could be 
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substituted for an X-ray map, and would also yield a more accurate value for the XSps of 
dated material. 
Conclusions and Implications 
This new method is an exciting tool for measuring critical metamorphic 
processes: nucleation and growth.  This study produced the first quantitative estimate for 
metamorphic nucleation rate, a fundamental process that has never before been measured.  
This study also presents a unique way to meet the challenge of determining elapsed and 
instantaneous growth rates.  By characterizing the relationship between XSps and age in 
garnet porphyroblasts, this study suggests that the sample was in a state of chemical 
equilibrium within the acknowledged limitations.  
Beyond the limited conclusions presented here, the most important results of this 
study are the implications for the use of this method in future studies.  Besides the 
applications already discussed of rigorously examining the scale of equilibrium and 
producing nucleation and growth rates, using garnets to add a time component to 
metamorphic studies provides the opportunity to unlock a plethora of information from 
these difficult-to-navigate rocks.  Incremental growth rates paired with thermobarometry 
studies could provide constraints on how temperature and pressure changed and whether 
that change was quick or gradual, which is relevant to the tectonic history of the rock.  
When combined with deformation studies, this method could provide a constraint on the 
rates of strain, and how deformation affects mineral growth.  Timing of metamorphic 
events and processes is always difficult to constrain given the time scale and complexity 
of events involved.  Any method that offers detailed information about metamorphic 
timing deserves further development and application. 
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Figure 1: Map illustrating position of Townshend Dam, VT on the western flank of 
the Athens Dome, after Chamberlain and Conrad (1992).  Spillway outcrop consists 
of four formations with amphibolite shown in black.  Location of sample for this 








reduced possibility of nucleation
Figure 2: Birds-eye view of a crystal nucleating in a diffusion-limited system, with 
idealized chemical cross section above, after Carlson (1989). [A]fl is the chemical 
affinity for the reaction in the intergranular medium distant from existing crystals. There 
is a critical affinity value for the reaction to take place, [A]cr, and the reaction is more 
likely to take place at a higher level of [A]. The already-nucleated crystal is absorbing 
the limiting nutrient(s) (Al), depleting the surrounding area.  When [A] is less than [A]cr 
in the inner depletion halo, nucleation is impossible, while in the outer depletion halo, 






Figure 3:  Cross-sections of crystals growing in a diffusion-limited system and their
diffusion halos, after Carlson (1991).  Crystals A, B, C, and D all nucleated at the same 
time, as illustrated by the size of their depletion halos.  Crystals E and F also nucleated 
at the same time.  Growth is limited by nutrient (Al) availability, and competition 
between adjacent crystals slows the growth rate and therefore size of these crystals 







Figure 4: Birds-eye view of crystal nucleating in precipitation-limited system, with 
idealized chemical cross section of garnet growth above, after Carlson (1989).  There 
is zero probability of another crystal nucleating in the space occupied by the 
previously-nucleated crystal ([A]=0), but just outside that physical space the chemical 
affinity for reaction ([A]) quickly surpasses the critical level ([A]cr) and reaches the 
chemical affinity levels in the intergranular fluid ([A]fl), allowing nucleation of a 








Figure 5: Schematic diagram illustrating relationship of garnet crystal to dated wafer
material.  The ‘front wafer’ referred to in the text is simply the surface that was cut
and polished for EPMA prior to TIMS analysis at Boston University.  A 2mm wafer of
material to be analyzed for Sm-Nd dating was cut from the garnet crystal.  This wafer
material was then dissolved and analyzed.  The ‘back wafer’ referred to in the text
is the surface of the remaining garnet crystal, which was separated from the adjoining


















Figure 6: BSE images of subvolume garnets with EPMA transects marked in white.  
Transects were chosen as best estimate of morphological center of crystals without benefit 






Figure 7: Photographs of garnet 1 (A) and garnet 4 (B) wafers immediately after 
MicroMill drilling.  Two drill paths physically separated the garnet wafers into rim, 
annulus, and core segments.  Drill paths were chosen based on Mn X-ray maps and 
amount of garnet material needed for Sm-Nd dating.
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AB
Figure 8:  BSE image of garnet 1 (A) and mask (B) distinguishing garnet material 
(white) from non-garnet material (black).  Inclusions darker and lighter than garnet
material are excluded with this mask.  Where questionable, the mask over-estimated the 
extent of the inclusions to provide a conservative estimate of garnet material and 
ensure exclusion of non-garnet material from analysis.  Any obviously non-garnet material,
such as the stage holder, was also excluded from analysis.
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5 mm
Figure 9: Top image is the original Mn X-ray map for garnet 1, the bottom is the blurred
and renormalized Mn X-ray map with a 20 pixel radius.  Insets show blown up portion
from the center of the images to illustrate intensity resolution in original X-ray map.  

















Grayscale = 3.3189(X(Sps)) + 0.2193
Figure 10: Correlation between X(Sps) from EPMA transects and grayscale from blurred 
Mn X-ray maps with best-fit line shown in solid black, and the error envelope shown in
dashed lines.  Although there is some scatter, especially for the higher X(Sps) values, the 
data are well fit by a linear relationship.
50
5 mm
Figure 11:  BSE image for garnet 1 with superimposed drill lines from the Micromill 
drilling, and masks used in MatLab to isolate rim and core garnet material.  
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Figure 12:  Crossed-polars photomicrograph of representative compositions and textures 
from TD074.  Field of view is 15mm horizontally.  Note that quartz (Qtz) is more 
annealed in strain shadows than in matrix.  Biotite (Bt) typically occurs in much larger 
crystals than fine-grained intergrown muscovite (Ms) and paragonite (Pg).  Chlorite 
(Chl) is often blocky and cross cuts the fabric.
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Garnet 1 # pts = 13
Garnet 4 # pts = 11
A
Figure 13:  Chemistry data from EPMA transects plotted against radial distance.  Pyrope 
(open squares), grossular (open circles), and spessartine (filled diamonds) contents plotted 
on left y-axis; almandine (open triangles) plotted on right y-axis.  X(Sps) decreases steadily 
towards the rim and X(Alm) increases steadily towards the rim.  X(Pyr) and X(Grs) have 
much flatter patterns, with a slight decrease from core to rim for X(Grs), and a slight 
increase for X(Pyr).  For subvolume garnets, these are not true core to rim transects, and 
instead, start at the presumed core (highest X(Sps) value) and end at some middle annulus 
value.  While the same general trend of increasing X(Alm) and decreasing X(Sps) towards 
the rim is seen in the subvolume garnets as in the core to rim transects from garnets 1 and 
4, the patterns of slight increase in X(Pyr) and decrease in X(Grs) are much more subtle 
or unexpressed in these transects.
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Garnet G # pts = 7 Garnet I # pts = 5



















Garnet M # pts = 6 Garnet N # pts = 6




















Core = 390.7 +/- 47
Rim = 372.8 +/- 5.7
Core = 399.1 +/- 33
Rim = 372.8 +/- 4.0
Sm/    Nd
N
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Figure 14: Isochrons from Sm-Nd dating for cores (red) and rims (blue) of garnets 1 and 4.  
Isochrons are composed of a matrix value (lower left point) of Sm and Nd isotopes 
constrasted to a value from garnet material, in this case cores and rims.  Note that there is 
little difference (spread) in the matrix and core values, which produces high error estimates.
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Age = (43.5849 Ma)(X(Sps)) + 376.9643 Ma
Figure 15:  Relationship between X(Sps) and Age as defined by four core and rim points 
(blue diamonds, with error shown in black bars) from garnets in this study.  The best-fit 
line is shown in green and the red lines outline the error envelope.   This relationship can be 
used to indirectly date a garnet with a specific X(Sps) content.  As demonstrated in yellow, 




























Figure 16:  Nucleation data for subvolume of 8 garnets, where the overall nucleation rate is 
0.022         nuclei/cm /m.y.  The line shows percentage of crystals nucleated over the 
nucleation period.  The histogram shows how many nuclei formed within any given year 
during the nucleation period; ages of nucleation have been rounded to nearest whole year.  
The horizontal bar represents the average error (±4.0 m.y.) for each nucleation age.  As a 
general trend, nucleation increases with time, and more than half the crystals nucleate in 
the latter half of the nucleation period.  However, given the uncertainty associated with each 
crystal’s nucleation age, even this general trend could be drastically different, for example, 
the crystals could have all nucleated instantaneously at 381 Ma, or the nucleation rate 
could be constant.  From these limited nucleation data, it is not possible to determine if the 
nucleation rate and pattern fits best with diffusion- or precipitation- controlled growth.  If 
correlation between size and age of nucleation (smaller crystals nucleate later during the 
nucleation event, bigger crystals nucleated early on) holds true, then this data set is skewed 
to represent the earlier stages of the nucleation event, as all garnets in the subvolume were 



































Figure 17:  Growth rates for all transects of garnets 1 and 4, and subvolume garnets.  The 
transect with the most points and least complicated pattern was selected as the best 
representative of growth rate for each garnet.  This growth rate is shown in solid black, 
with gray error envelope.  Transects not selected because of negative rates, improbably 
high rates, sharper transitions, or fewer data points are shown in dashed lines.  Both 
transects for garnet I exhibit negative growth rates, so neither is suitable for further
analysis. The distinctions used to determine the best growth rate representative do not
help distinguish between the two transects for garnet J.  However, since both transects
consist of only three non-zero points, neither transect was suitable for further analysis.
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Figure 18: Age and X(Sps) values for rim points.  The rim points yield the same 
analytical age, and the X(Sps) values overlap within error.  Since the rim points yielded 
the same age and X(Sps) values, this supports the connection between age and X(Sps) 
content and suggests that the sample experienced rock-wide equilibrium.
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Figure 19:  The solid line plots the elapsed time since nucleation (t) vs. the radial distance 
(R) from core to rim of all transects from garnets 1(A) and 4(B).  The mathematical 
solutions for interface-controlled growth is plotted in the dashed line, while diffusion-
controlled growth is plotted in the dotted line.  Where the two solutions produce the same 
line (e.g., garnet 1, line 1), the two lines are indistinguishable.  When a solution did not 
produce a fit, it was excluded (garnet 1, lines 3 and 4; garnet 4, line 2).  Individual transects 
are variously fit by the two solutions (see Table 6), but neither rate-limiting environment 
offers a conclusive solution.  
A
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y = 0.5226 x + 8.7866
chi-square = 4.65522
Figure 20:  Crude nearest neighbor analysis for subvolume garnets calculated from the 
HRXCT data.  This graph only includes subvolume garnets where the nearest neighbor is 
clearly within the subvolume.  Garnet L has a nearest neighbor that was outside of the 
subvolume, but still within the HRXCT data, while garnets M and O are on the borders
of the sample and could have nearest neighbors outside of the HRXCT data.  This plot
shows a general trend where garnet diameter decreases with distance to the nearest 
neighboring crystal, suggesting that garnets grew in a diffusion limited environment 
where competition for nutrients limited garnet growth.
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Table 1: Isotopic data reported from the TIMS laboratory at Boston University.  External 
precision in 143Nd/144Nd during span of analyses was 0.0000082 on 4ng Nd loads.  This 
external precision was used in age uncertainty calculations for garnet 4 matrix and garnet 




Table 2: XSps values derived from the XSps-grayscale line for low, medium, and high 
estimates of grayscale error.  With the exception of the XSps value derived from 0.3007 
grayscale using the low grayscale error estimate, the difference grayscale error estimates 




Table 3: Age values derived from the XSps-age line using the low, medium, and high 
estimates of grayscale error.  When propagated into the XSps-age line, the different 
grayscale error estimates produced no effect on the ages or age uncertainties. 
   
Grayscale Low Error Moderate Error High Error
XSps Error XSps Error XSps Error
0.9189 0.2085 0.00007664 0.2085 0.0007657 0.2085 0.0076
0.3007 0.0261 0.00009589 0.0259 0.0009505 0.0259 0.0096
0.95856 0.1554 0.00007650 0.1554 0.0007596 0.1554 0.0076
0.53871 0.0314 0.00008822 0.0314 0.0008746 0.0314 0.0087
XSps Low Error Moderate Error High Error
Age Error Age Error Age Error
0.198798116 380.8 3.4 380.8 3.4 380.8 3.4
0.117224722 377.1 2.0 377.1 2.0 377.1 2.0
Sm (ppm) Nd (ppm)
147Sm/144Nd Serror
143Nd/144Nd 2 sigma SE Age (Ma)
TD074 grt1 matrix 3.67 19.4 0.1145 0.00011 0.5119569 0.0000082
TD074 grt1 core 0.71 2.06 0.2075 0.00021 0.512194717 0.00002740 390.7±47 
TD074 grt1 rim 0.65 0.84 0.4724 0.00047 0.5128307 0.0000104 372.8±5.7 
TD074 grt4 matrix 10.9 58.96 0.1118 0.00011 0.5119544 0.0000055
TD074 grt4 core 0.66 2.42 0.1657 0.00017 0.512095322 0.00000824 399.1±33 
TD074 grt4 rim 0.82 0.89 0.5625 0.00056 0.5130545 0.0000079 372.8±4 
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Table 4: Average composition of matrix minerals.  <d.l. indicates that the element was 









Muscovite Paragonite Biotite Chlorite Plagioclase
SiO2 46.17 45.80 34.79 24.63 67.47
TiO2 0.28 0.10 1.50 <d.l. n.a.
Al2O3 35.59 40.64 17.84 22.05 20.44
FeO 2.43 0.89 17.93 24.49 <d.l.
MnO n.a. n.a. <d.l. <d.l. n.a.
MgO 0.90 0.10 10.02 15.42 <d.l.
CaO n.a. n.a. n.a. n.a. 1.38
Na2O 1.64 6.04 0.39 <d.l. 10.92
K2O 8.73 1.57 8.62 <d.l. <d.l.
Total 95.74 95.15 91.09 86.60 100.20
Cations
Si 3.06 2.94 2.74 2.62 2.95
Ti 0.01 <d.l. 0.09 <d.l. n.a.
Al 2.78 3.07 1.66 2.76 1.05
Fe 0.13 0.05 1.22 26.85 <d.l.
Mn n.a. n.a. <d.l. <d.l. n.a.
Mg 0.09 <d.l. 1.17 2.44 <d.l.
Ca n.a. n.a. n.a. n.a. 0.06
Na 0.21 0.75 0.06 <d.l. 0.92






      Table 5: Highest XSps content for subvolume garnets, with calculated age and error from the XSps‐age relationship.               Table 6:  Chi‐square values for linear and complex fit to grow rates.  N/A is reported when a solution did not achieve a fit. 
Garnet XSps Age Error
O 0.123577181 377.2 3.0
J 0.144647308 378.2 3.3
N 0.127869172 377.4 3.0
L 0.155283757 378.6 3.5
I 0.196297152 380.4 4.7
P 0.153516601 378.5 3.4
G 0.198798116 380.2 4.4













Appendix 1: HRXCT Data (electronic) 

















center x pixel center y pixel z (slice)
Garnet 1 507 766 152
Garnet 4 448 335 80
Garnet G 396.5 227.5 318
Garnet I 427.5 282.5 277
Garnet J 486.5 174.5 391
Garnet L 478.5 236.5 233
Garnet M 477.5 208.5 317
Garnet N 474.5 276.5 370
Garnet O 528.5 199.5 394
Garnet P 509.5 221.5 347
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 Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total Stage Coordinates
Garnet 1 line1 X(mm) Y(mm)
1 37.46 0.0307 20.68 33.26 0.3 2.529 4.43 98.7 28.51 43.404
2 37.2 0.0208 20.78 33.52 1.06 2.015 4.73 99.3 27.64 43.298
3 37.43 0.0785 20.45 31.55 1.69 1.556 6.01 98.8 26.81 43.227
4 37.27 0.0684 20.8 30.45 2.68 1.407 6.41 99.1 25.92 43.087
5 34.65 0.1159 19.55 27.7 4.05 1.271 6.37 93.7 25.06 42.981
6 37.03 0.0844 20.44 28.18 5.52 1.147 6.17 98.6 24.19 42.862
7 37.4 0.1376 20.39 27.12 6.75 1.038 6.65 99.5 23.33 42.77
8 37.53 0.1124 20.59 26.03 7.96 1.064 6.41 99.7 22.46 42.671
9 37.29 0.1405 20.38 25.43 8.58 0.997 6.85 99.7 21.6 42.558
10 37.4 0.0971 20.65 24.93 9.16 0.966 6.26 99.5 20.74 42.452
11 37.32 0.1117 20.34 24.73 9.43 0.936 6.58 99.4 19.87 42.346
12 37.12 0.1432 20.32 24.34 9.78 0.893 6.65 99.2 18.99 42.293
13 36.95 0.1388 20.37 24.34 10.1 0.875 6.35 99.1 18.15 42.135
14 37.11 0.1244 20.15 24.43 9.78 0.95 6.24 98.8 17.28 42.058
15 37.42 0.1224 20.51 24.89 9.66 0.92 6.59 100 16.42 41.931
16 37.22 0.1542 20.4 24.81 9.3 0.942 6.45 99.3 15.56 41.818
17 37.17 0.1671 20.29 25.01 9.02 0.952 6.8 99.4 14.69 41.728
18 37.34 0.1169 20.53 25.9 8.01 0.995 6.52 99.4 13.83 41.592
19 37.3 0.2078 20.26 26.35 7.51 1.011 6.8 99.4 12.99 41.49
20 37.26 0.1246 20.41 27.42 6.17 1.082 6.8 99.3 12.1 41.395
21 37.22 0.1113 20.46 29.28 4.5 1.243 6.25 99.1 11.24 41.289
22 37.53 0.109 20.53 29.92 3.37 1.303 6.49 99.3 10.37 41.19
23 37.73 0.1063 20.7 31.72 2.09 1.575 6.11 100 9.536 41.114
24 37.22 0.0658 20.64 31.96 1.37 1.755 6 99 8.616 40.987
25 37.02 0.0432 20.7 33.28 0.24 2.752 4.57 98.6 7.783 40.866
Garnet 1 line2
1 37.28 0.1009 20.39 28.28 4.75 1.181 7.04 99 17.13 47.411
3 37.5 0.1175 20.46 25.17 9.23 1.004 6.33 99.8 17.55 46.01
4 37.16 0.1476 20.26 24.74 9.47 0.917 6.52 99.2 17.73 45.327
5 37.34 0.1271 20.35 25.03 9 0.946 6.12 98.9 18.16 44.652
6 37.07 0.1735 20.22 23.9 10.2 0.877 6.66 99.1 18.31 43.896
7 37.37 0.1796 20.4 24.05 10.2 0.884 6.51 99.6 18.53 43.207
8 37.27 0.1556 20.29 24.49 9.96 0.897 6.63 99.7 18.76 42.507
9 37.25 0.1403 20.32 24.19 9.71 0.93 6.32 98.9 18.99 41.806
10 37.15 0.192 20.19 24.85 9.28 0.936 6.77 99.4 19.22 41.106
11 37.37 0.164 20.31 24.93 9.06 0.907 6.89 99.6 19.43 40.397
12 37.45 0.154 20.43 24.7 8.81 0.98 6.81 99.3 19.69 39.704
13 37.44 0.1557 20.33 26.03 8.18 1.001 6.47 99.6 19.92 39.022
14 37.36 0.0831 20.37 28.51 8.33 1.202 4.1 100 20.15 38.29
15 37.2 0.1332 20.55 26.56 7.19 1.093 6.57 99.3 20.38 37.602
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 Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total Stage Coordinates
Garnet 4 line1 X(mm) Y(mm)
1 38.27 0.045 21.14 33.58 0.27 2.513 4.73 101 26.29 64.678
2 37.77 0.0431 20.84 33.02 0.7 2.093 5.48 99.9 25.99 65.313
3 37.2 0.0906 20.65 33.51 0.97 1.979 5.19 99.6 25.67 65.948
4 37.43 0.0772 20.55 32.38 1.45 1.732 5.98 99.6 25.35 66.55
5 37.31 0.0873 20.49 30.74 2.85 1.492 6.55 99.5 25.04 67.24
6 37.2 0.1021 20.51 30.11 3.84 1.344 6.31 99.4 24.73 67.842
7 37.51 0.125 20.46 29.01 4.23 1.366 6.68 99.4 24.42 68.506
8 37.23 0.1236 20.42 28.15 5.35 1.295 6.79 99.4 23.81 69.154
9 37.28 0.1212 20.39 27.61 6.26 1.137 6.82 99.6 23.79 69.759
10 37.24 0.0762 20.52 27.09 6.75 1.107 6.16 98.9 23.48 70.394
11 37.38 0.1329 20.45 26.74 7.23 1.073 6.6 99.6 23.16 71.029
12 36.31 0.0702 20.02 27.28 6.55 1.311 5.96 97.5 23 71.639
13 36.75 0.0901 20.32 26.7 6.52 1.073 5.38 96.8 22.52 72.299
14 37.06 0.1167 20.22 27.6 7.14 1.185 5.7 99 22.31 72.924
15 37.31 0.104 20.5 27.17 6.83 1.079 6.34 99.3 21.92 73.569
16 37.37 0.1264 20.29 28.51 5.5 1.198 6.38 99.4 21.62 74.198
17 37.49 0.102 20.55 29.67 4.5 1.33 6.11 99.8 21.27 74.876
18 37.46 0.0968 20.56 31.07 2.59 1.504 6.17 99.5 20.97 75.475
Garnet 4 line2
1 37.27 0.0712 20.63 32.29 1.38 1.717 5.73 99.1 28.79 73.35
2 37.13 0.0762 20.42 31.22 2.58 1.465 6.11 99 28.14 73.002
3 37.15 0.0817 20.52 29.35 4.44 1.288 6.28 99.1 27.49 72.625
4 37.35 0.1058 20.43 27.72 5.94 1.139 6.68 99.4 26.83 72.245
5 37.09 0.1095 20.35 26.66 7.28 1.095 6.72 99.3 26.18 71.9
6 37.11 0.1184 20.44 26.24 8.44 1.014 6.68 100 25.53 71.537
7 37.13 0.1517 20.37 25.51 8.15 0.954 7.25 99.5 24.87 71.175
8 37.01 0.1477 20.24 26.1 7.76 0.999 6.81 99.1 24.22 70.812
9 37.28 0.1604 20.33 26.89 6.93 1.078 6.8 99.5 23.52 70.45
10 37.33 0.1225 20.38 27.89 5.76 1.17 6.72 99.4 22.91 70.087
11 37.14 0.104 20.5 29.63 3.95 1.297 6.59 99.2 22.27 69.725
12 37.27 0.1048 20.53 30.18 3.57 1.33 6.81 99.8 21.65 69.373
13 37.29 0.0986 20.66 30.9 2.45 1.463 6.61 99.5 20.93 69
14 37.25 0.0681 20.5 32.62 1.25 1.817 5.49 99 20.3 68.637
15 37.35 0.0426 20.53 32.9 0.72 2.083 5.29 98.9 19.67 68.275
16 37.28 0.041 20.65 33.57 0.28 2.633 4.62 99.1 18.99 67.912
Garnet G line1
1 37.02 0.138 21.18 28.78 5.2 1.118 6.97 100 45.62 12.132
2 36.49 0.1061 20.93 28.31 6.11 1.033 6.95 99.9 45.33 12.46
3 36.36 0.1306 20.86 27.36 6.53 1 6.81 99.1 44.98 12.676
4 35.31 0.0846 21.07 27.15 6.77 0.976 6.53 97.9 44.65 12.968
5 35.87 0.137 20.87 26.69 6.95 0.934 7.07 98.5 44.32 13.219
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 Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total Stage Coordinates
Garnet G line1 X(mm) Y(mm)
6 36.48 0.1187 20.88 26.64 7.42 0.951 7.07 99.6 43.95 13.491
7 35 0.1141 20.61 25.86 7.82 0.892 6.89 97.2 43.66 13.763
8 35.68 0.1494 20.78 26.47 7.67 0.947 6.82 98.5 43.34 14.035
9 35.55 0.1605 20.58 26.57 7.52 0.926 6.82 98.1 42.99 14.307
10 36.57 0.1473 20.9 26.7 7.13 0.956 6.87 99.3 42.66 14.579
11 36.15 0.1161 20.76 27.84 6.67 1.017 6.52 99.1 42.33 14.85
Garnet G line2
1 37.83 0.1213 20.81 28.09 6.06 1.159 6.9 101 43.24 12.989
2 35.79 0.1375 20.6 26.85 7.52 0.983 6.81 98.7 43.43 13.346
3 36.17 0.163 20.81 26.05 7.74 0.935 6.86 98.7 43.62 13.702
4 36.69 0.1059 21.05 25.94 8.36 0.924 6.5 99.6 43.81 14.028
5 37.27 0.1614 20.8 25.58 8.17 0.903 7.35 100 43.9 14.418
6 36.01 0.1019 20.9 25.84 8.84 0.893 6.75 99.3 44.19 14.771
7 36.24 0.096 20.88 26.07 8.21 0.943 6.43 98.9 44.38 15.128
Garnet I line1
1 36.92 0.1151 20.76 28.09 6.31 1.104 6.62 99.9 42.82 68.051
2 37.44 0.0946 20.78 27.62 6.89 1.079 6.76 101 42.32 67.985
3 37.06 0.1459 20.61 26.73 7.29 0.977 6.92 99.7 41.81 67.92
4 36.4 0.1561 20.56 26.72 8.22 1.006 6.44 99.5 41.23 67.848
5 37.04 0.1637 20.68 26.79 8.17 1.057 6.4 100 40.67 67.706
6 37.28 0.1574 20.74 26.93 8.73 1.06 5.75 101 40.3 67.679
7 36.78 0.1287 20.59 29.16 6.64 1.602 4.84 99.7 39.83 67.657
8 36.5 0.1209 20.66 28.43 5.67 1.57 6.51 99.5 39.33 67.592
Garnet I line2
1 35.39 0.0553 19.63 31.73 3.61 1.751 4.6 96.8 40.91 66.251
2 37.78 0.1012 20.74 32.58 3.46 2.016 4.47 101 41.11 66.743
3 37.54 0.1342 20.68 28.62 7.29 1.366 4.98 101 41.02 67.16
4 37.28 0.1347 20.64 27.45 8.18 1.081 5.72 100 40.87 67.636
5 37.2 0.1576 20.62 26.3 8.34 1.002 6.73 100 41.04 68.163
6 37.28 0.1774 20.61 26.68 7.88 1.051 7.03 101 41.07 68.641
Garnet J line1
1 37.74 0.1152 20.84 29.26 4.98 1.47 6.16 101 38.66 14.276
2 37.78 0.0904 21.2 28.46 6.35 1.146 5.9 101 38.5 14.705
3 37.56 0.1068 20.97 29.31 5.5 1.217 5.85 101 38.36 15.109
4 37.94 0.1115 21.03 29.85 4.54 1.278 5.89 101 38.19 15.534
5 38.18 0.117 21.15 30.13 3.8 1.28 6.64 101 38 15.943
Garnet J line2
1 38.02 0.0911 20.98 31.62 3.68 1.783 5.06 101 37.38 14.881
2 38.2 0.1367 21.15 29.41 4.73 1.232 6.68 102 37.81 14.772
3 37.91 0.1355 21.02 29.11 5.58 1.213 6.29 101 38.3 14.663
4 38.05 0.1167 20.86 29.44 5.84 1.345 5.75 101 38.69 14.545
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 Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total
Garnet J line2 X(mm) Y(mm)
5 38.27 0.1412 20.99 28.48 5.77 1.163 6.6 101 39.09 14.445
6 37.91 0.108 21.23 28.55 5.17 1.23 6.42 101 39.52 14.336
Garnet L line1
1 37.57 0.0791 20.77 29.65 4.58 1.361 6.37 100 44.51 13.17
2 36.78 0.1185 20.67 28.56 5.42 1.167 7.15 99.9 44.83 13.429
3 36.91 0.0595 20.94 28.78 5.7 1.202 6.29 99.9 45.14 13.693
4 37.26 0.1308 20.74 29.21 6.27 1.156 5.77 101 45.37 13.942
5 37.03 0.1298 20.65 27.57 6.78 1.044 6.51 99.7 45.74 14.246
6 36.1 0.1538 20.46 28.24 6.06 1.189 5.97 98.2 46.03 14.508
7 36.8 0.1397 20.59 28.35 5.83 1.133 6.79 99.6 46.33 14.784
8 36.28 0.1035 20.64 29.01 5.33 1.21 6.49 99.1 46.66 15.053
Garnet L line2
1 36.56 0.1092 20.75 28.61 6.21 1.112 6.04 99.4 45.98 13.063
2 36.74 0.1146 20.69 28.09 6.93 1.084 6.39 100 45.76 13.36
3 36.7 0.0253 21.02 28.38 6.76 1.106 5.86 99.9 45.53 13.658
4 36.77 0.2082 20.67 28.93 6.51 1.147 5.81 100 45.35 13.955
5 37.38 0.0971 20.74 29.17 5.31 1.212 6.37 100 44.97 14.252
6 37.11 0.1111 20.88 30.15 4.44 1.25 6.26 100 44.85 14.549
7 36.74 0.0416 21.17 31.22 3.37 1.411 6.05 100 44.64 14.846
8 37.08 0.0807 21.03 32.41 2.53 1.533 5.76 100 44.41 15.144
Garnet M line1
1 37.06 0.1415 20.74 25.54 8.66 0.978 6.96 100 41.75 10.912
2 36.98 0.148 20.68 25.69 8.87 1.028 6.61 100 41.54 11.259
3 36.88 0.1791 20.74 25.28 9.44 0.925 6.8 100 41.32 11.607
4 36.98 0.1405 20.94 24.98 10.1 0.907 6.54 101 41.07 11.954
5 36.81 0.1467 20.63 24.71 10.3 0.912 6.45 99.9 40.87 12.301
6 36.7 0.1746 20.62 24.21 10.3 0.887 6.89 99.8 40.62 12.655
7 36.76 0.1827 20.59 24.53 10.4 0.862 6.49 99.8 40.33 12.988
8 36.51 0.1438 20.66 24.85 10.2 0.85 6.21 99.4 40.16 13.343
9 36.59 0.1498 20.5 24.82 10.2 0.925 6.34 99.5 39.94 13.69
10 36.4 0.163 20.59 24.86 9.86 0.928 6.5 99.3 39.71 14.038
11 35.99 0.1748 20.52 24.85 9.34 0.945 6.64 98.5 39.48 14.385
12 36.36 0.1671 20.53 25.44 9.13 0.943 6.56 99.1 39.25 14.732
13 36.3 0.1489 20.26 25.71 8.72 0.965 6.66 98.8 39.03 15.08
Garnet M line2
1 37.05 0.1255 20.66 27.04 9.24 1.258 5.02 100 41.79 14.71
2 36.26 0.1905 20.44 25.4 9.42 1.042 6.03 98.8 41.42 14.387
3 36.76 0.1825 20.56 24.52 10.4 0.883 6.38 99.7 41.15 14.129
4 36.71 0.1924 20.65 24.4 10.4 0.879 6.57 99.8 40.82 13.839
5 36.7 0.1769 20.7 24.41 10.2 0.873 6.76 99.8 40.5 13.549
6 36.79 0.1581 20.65 24.54 10.5 0.894 6.43 100 40.17 13.258
Stage Coordinates
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 Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total
Garnet M line2 X(mm) Y(mm)
7 37.08 0.1164 20.78 24.52 10.3 0.921 6.23 100 39.86 12.993
8 36.75 0.1668 20.51 24.41 9.84 0.87 6.95 99.5 39.53 12.678
9 36.33 0.1503 20.68 24.8 9.75 0.917 6.47 99.1 39.19 12.387
10 36.54 0.1705 20.54 25.17 9.63 0.963 6.47 99.5 38.88 12.108
11 36.42 0.1276 20.66 25.34 9.5 0.937 6.69 99.7 38.55 11.807
Garnet N line1
1 36.75 0.1877 20.64 31.25 3.31 1.363 6.36 99.9 48.47 67.576
2 35.76 0.0953 20.69 30.41 3.79 1.32 6.28 98.3 48.06 67.418
3 35.53 0.1072 20.66 29.48 4.55 1.242 6.62 98.2 47.65 67.26
4 35.4 0.1171 20.34 28.82 5.36 1.227 6.46 97.7 47.24 67.102
5 35.31 0.077 20.41 29.92 4.79 1.473 5.45 97.4 46.82 66.958
6 36.85 0.1025 20.52 29.92 4.76 1.351 5.93 99.4 46.43 66.716
7 35.98 0.1039 20.55 30.28 3.95 1.368 6.29 98.5 46.01 66.629
8 35.77 0.0832 20.56 31.27 3.43 1.464 5.92 98.5 45.6 66.471
Garnet N line2
1 36.05 0.1396 20.58 28.18 5.65 1.282 6.72 98.6 46.62 65.852
2 36 0.0938 20.46 29.8 5.3 1.38 5.09 98.1 46.73 66.296
3 36.08 0.0515 20.71 29.37 5.08 1.358 6.13 98.8 46.73 66.74
4 36.6 0.048 20.93 29.99 4.68 1.396 6.04 99.7 46.72 67.192
5 36.59 0.0916 20.88 30.52 3.71 1.375 6.25 99.4 46.75 67.639
6 36.38 0.0959 20.75 31.19 3.21 1.345 6.11 99.1 46.78 68.071
Garnet O line1
1 38.77 0.1054 21.67 30.9 3.6 1.297 6.67 103 41.61 13.477
2 38.57 0.1054 21.61 31.22 3.57 1.29 6.22 103 41.59 13.854
3 38.95 0.0864 21.63 30.98 3.72 1.264 6.46 103 41.57 14.232
4 39.05 0.1014 21.78 31.26 3.89 1.329 6.05 103 41.55 14.609
5 38.54 0.0824 21.52 31.17 3.45 1.356 6.03 102 41.53 14.987
6 39.11 0.1131 21.68 31.87 2.77 1.449 6.41 103 41.51 15.364
Garnet O line2
1 38.94 0.1001 21.43 32.58 2.09 1.485 6.02 103 40.64 14.162
2 39.16 0.1155 21.45 31.84 2.77 1.432 6.29 103 41.07 14.218
3 39.17 0.1112 21.41 31.25 3.65 1.279 6.4 103 41.5 14.274
4 39.21 0.1333 21.55 29.94 4.49 1.208 6.75 103 41.9 14.29
5 39.04 0.1044 21.61 29.45 5.52 1.163 6.35 103 42.37 14.386
Garnet P line1
1 35.9 0.1285 20.51 28.96 5.12 1.189 6.66 98.5 37.79 68.452
2 35.77 0.1313 20.65 29.44 5.03 1.194 6.73 99 37.4 68.627
3 35.99 0.122 20.42 28.98 5.16 1.167 7.06 98.9 37.01 68.79
4 36.15 0.1084 20.49 29.48 4.87 1.174 6.47 98.8 36.65 68.96
5 36.67 0.1147 20.77 29.25 4.58 1.194 6.94 99.5 36.25 69.129




Pt# SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total
Garnet P line1 X(mm) Y(mm)
7 36.67 0.0996 20.87 30.36 4.16 1.259 6.59 100 35.48 69.468
8 36.16 0.1122 20.69 30.04 3.7 1.267 6.96 98.9 35.1 69.637
9 36.1 0.1175 20.67 30.98 3.42 1.316 6.2 98.8 34.71 69.806
10 36.26 0.071 20.65 31.28 3.21 1.357 6.46 99.3 34.33 69.975
Garnet P line2
1 35.88 0.0693 20.71 30.83 3.44 1.433 6.5 98.9 36.6 69.69
2 35.67 0.1234 20.54 30.07 4.4 1.253 6.6 98.7 36.47 69.297
3 35.97 0.1107 20.64 29.5 4.94 1.201 6.31 98.7 36.29 68.903
4 35.36 0.1159 20.56 28.68 5.35 1.151 6.92 98.1 36.14 68.502
5 35.34 0.1563 20.39 27.95 5.82 1.133 6.98 97.8 35.9 68.06
6 35.74 0.111 20.6 27.3 6.77 1.07 6.7 98.3 35.83 67.723
Biotite
Pt# SiO2 TiO2 Al2O3 FeO MnO MgO Na2O K2O Total X(mm) Y(mm)
2 35.24 1.6029 17.52 20.16 <d.l. 10.62 0.2413 9.33 94.71 30.145 9.892
10 35.64 1.9044 17.49 19.47 <d.l. 10.57 0.2291 9.42 94.74 29.085 13.046
15 35.47 1.7071 17.53 19.56 <d.l. 10.21 0.2302 9.28 93.99 26.58 19.175
20 39.7 1.1643 26.62 10.76 <d.l. 5.42 2.4224 7.2 93.29 10.544 14.12
22 35.73 1.6175 17.41 19.96 <d.l. 10.43 0.2015 9.38 94.73 10.741 13.738
23 35.14 1.5113 17.67 19.66 <d.l. 10.55 0.2422 9.17 93.98 17.601 9.026
32 34.9 1.2972 18.66 19.18 <d.l. 11.04 0.2295 8.36 93.65 4.137 6.362
33 36.11 1.4524 17.49 19.75 <d.l. 10.66 0.2606 9.12 94.87 28.355 45.776
37 33.93 1.442 17.18 19.19 <d.l. 10.85 0.3003 9.01 91.91 27.532 45.227
41 35.77 2.0298 17.44 19.81 <d.l. 10.41 0.2272 9.42 95.12 16.386 47.229
44 35.85 1.5343 17.68 19.47 <d.l. 10.49 0.1913 9.43 94.64 17.448 46.884
48 35.25 1.5006 17.4 20.14 <d.l. 11.1 0.1677 8.96 94.51 3.941 48.754
56 35.58 1.6667 18.48 19.19 <d.l. 10.54 0.2357 8.7 94.41 2.999 41.567
Chlorite
Pt# SiO2 TiO2 Al2O3 FeO MnO MgO Na2O K2O Total X(mm) Y(mm)
7 24.63 <d.l. 22.36 24.05 <d.l. 15.65 <d.l. <d.l. 86.8 29.161 13.292
12 24.64 <d.l. 22.06 24.16 <d.l. 15.67 <d.l. <d.l. 86.63 25.365 18.991
18 24.28 <d.l. 21.48 25.1 <d.l. 14.88 <d.l. <d.l. 85.87 18.045 16.251
24 24.1 <d.l. 21.89 25.26 <d.l. 15.08 <d.l. <d.l. 86.42 16.818 9.031
40 24.63 <d.l. 22.24 24.67 <d.l. 15.36 <d.l. <d.l. 86.99 16.239 46.989
47 24.55 <d.l. 22.18 24.41 <d.l. 15.35 <d.l. <d.l. 86.55 17.274 47.934
54 25.3 <d.l. 21.87 24.22 <d.l. 15.83 <d.l. <d.l. 87.33 3.817 41.274





Pt# SiO2 TiO2 Al2O3 FeO MgO Na2O K2O Total X(mm) Y(mm)
5 45.84 0.2683 36.36 2.101 0.83 2.291 8.12 95.8 30.11 9.608
9 45.73 0.2475 36.87 2.279 0.59 1.924 8.21 95.9 29.12 13.108
14 46.68 0.2849 35.05 2.427 1.05 1.293 9.18 96 25.57 18.717
17 46.27 0.3079 34.71 2.406 0.89 1.225 9.71 95.5 18.06 16.356
21 45.41 0.2547 37 2.162 0.56 1.926 8.36 95.7 10.54 14.12
25 46.16 0.224 34.52 2.843 1.09 1.688 8.9 95.4 16.23 9.179
31 46.66 0.2819 35.36 2.354 1.06 1.399 9.3 96.4 4.26 6.18
34 46.28 0.2622 35.03 2.419 1.01 1.425 8.49 94.9 28.36 45.426
39 45.47 0.2715 35.26 2.972 0.86 1.73 8.36 94.9 27.78 45.245
43 46.61 0.3019 35.28 2.471 0.95 1.305 9.17 96.1 16.6 47.322
45 46.72 0.3009 34.88 2.51 1.14 1.67 8.88 96.1 17.56 46.884
49 46.89 0.3676 35.08 2.485 1.08 1.558 8.7 96.2 3.849 48.894
53 45.51 0.2689 37.23 2.197 0.6 1.883 8.13 95.8 3.384 41.389
Paragonite
Pt# SiO2 TiO2 Al2O3 FeO MgO Na2O K2O Total X(mm) Y(mm)
11 45.52 0.0961 40.72 0.999 0.05 6.32 1.3859 95.1 29.1 13.014
13 45.89 0.0777 40.46 0.895 0.05 6.18 1.5209 95.1 25.48 18.716
16 45.7 0.0523 40.69 0.731 0.06 6.81 1.0066 95 18.02 16.38
30 45.97 0.0971 40.42 0.744 0.09 5.82 1.6257 94.8 4.347 6.18
38 44.94 0.1693 38.9 1.327 0.33 4.46 3.69 93.8 27.76 45.245
42 45.8 0.0825 40.87 0.841 0.1 6.24 1.2884 95.2 16.55 47.276
46 45.8 0.0986 41.44 0.823 0.06 6.19 0.9658 95.4 17.59 46.945
50 46.17 0.087 41.26 0.901 0.13 6.49 1.1961 96.2 3.816 49.092
52 46.41 0.1427 41.04 0.726 0.06 5.89 1.407 95.7 3.253 41.469
Plagioclase
Pt# SiO2 Al2O3 FeO MgO CaO Na2O K2O Total X(mm) Y(mm)
52 66.06 20.46 <d.l. <d.l. 1.13 11 <d.l. 98.8 18.44 10.896
53 67.85 21.24 <d.l. <d.l. 1.91 10.84 <d.l. 102 20.73 10.942
54 68.37 20.3 <d.l. <d.l. 1.06 11.17 <d.l. 101 22.31 11.464
55 67.7 20.42 <d.l. <d.l. 1.41 10.64 <d.l. 100 30.55 9.66
56 67.92 20.29 <d.l. <d.l. 1.33 10.94 <d.l. 101 20.2 15.346
57 68.25 19.64 <d.l. <d.l. 0.73 11.22 <d.l. 100 20.1 31.869
58 67.72 20.15 <d.l. <d.l. 1.26 11.15 <d.l. 100 11.05 35.708
59 66.12 21.65 <d.l. <d.l. 2.68 9.84 <d.l. 100 9.875 36.11
60 67.09 20.25 <d.l. <d.l. 1.35 10.93 <d.l. 99.7 5.702 36.956
61 67.59 20.04 <d.l. <d.l. 0.93 11.42 <d.l. 100 13.87 40.933
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Appendix 4: Garnet X-ray Maps (digital) 
Appendix 5: MATLAB Functions 
THRESHOLD.M 
function output = threshold (input,bottom,top) 
%processes input and returns a thresholded image in output 
distinguishing 
%between garnet and other material, garnet will be displayed as 
1, 
%everything else as 0. 
%Saves image to tif file 
[xsize,ysize] = size(input); 
output = zeros(xsize,ysize); 
for x = 1:xsize 
    for y = 1:ysize 
        if ((input(x,y)>=bottom)&& (input(x,y)<=top)) 
            output(x,y) = 1; 
        end 






function output = 
smartblurround(savename,chemistry,garnet,radius) 
[xsizec,ysizec] = size(chemistry); 
[xsizeg,ysizeg] = size(garnet); 
if ~(xsizec==xsizeg & ysizec==ysizeg) 
   warning ('sizes of two images must be same to proceed') 
   return 
end 
 
output = zeros(xsizec,ysizec, 'single'); 
for x = 1+radius:xsizec-radius 
   if mod(x,20)==0 
       disp(['Working on x=' int2str(x) '.']); 
   end 
   for y = 1+radius:ysizec-radius 
       if garnet(x,y)>0 
           pixelvalue = 0.0; 
           numpixelsused = 0.0; 
           for i = x-radius:x+radius 
               for j = y-radius:y+radius 
                   if garnet(i,j)>0 
 
 
                       distance = sqrt((x-i)^2 + (y-j)^2); 
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                       if distance <= radius 
                               pixelvalue = pixelvalue + 
single(chemistry(i,j)); 
                           numpixelsused = numpixelsused + 1; 
                       end 
 
 
                   end 
               end 
           end 
           output(x,y)= pixelvalue ./ single(numpixelsused); 
           warning(['Results (pixelvalue, numpixelsused, x, y)' 
int2str(pixelvalue) int2str(numpixelsused) int2str(x) 
int2str(y)]) 
           x=xsizec; 
           y=ysizec; 
           return 
       end 





function output = pointgrayscales (savename, pointspx, pointsmm, 
datapoints, blurredgarnet) 
%xpoints & ypoints should be given in matlab pixel values 
%xpointsmm & ypointsmm should be given in probe stage (mm) values 
%xpoints are the two horizontal points; ypoints are the two 
vertical ones 
numPoints = size(datapoints); 
numPoints = numPoints(1); 
xscale = (pointspx(2,1) - pointspx(1,1))/(pointsmm(2,1) - 
pointsmm(1,1)); 
xoffset = pointspx(1,1)-(pointsmm(1,1) * xscale); 
yscale = (pointspx(2,2) - pointspx(1,2))/(pointsmm(2,2) - 
pointsmm(1,2)); 
yoffset = pointspx(1,2)-(pointsmm(1,2) * yscale); 
xdata=datapoints(:,1); 
ydata=datapoints(:,2); 
xpixels=round(xdata*xscale + xoffset); 
ypixels=round(ydata*yscale + yoffset); 
grays=zeros(numPoints,1); 
for ptnum = 1:numPoints 
    grays(ptnum)=blurredgarnet(ypixels(ptnum), xpixels(ptnum)); 
    %matlab has a screwed up idea of x and y 
end 




function output = isolate (savename,chemistry,garnet,drilled) 
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[xsizec,ysizec] = size(chemistry); %blurred Mn map 
[xsizeg,ysizeg] = size(garnet); %1/0 map of garnet (1) and non-
garnet(0) 
[xsized,ysized] = size(drilled); % 1/0 map of drilled region (1) 
and non-drilled (0) 
 
tempSum = 0.0; 
numGoodCells = 0; 
for x = 1:xsizec 
    for y = 1:ysizec 
        if (garnet(x,y) && drilled(x,y)) 
            tempSum = tempSum + chemistry(x,y); 
            numGoodCells = numGoodCells + 1; 
        end 
    end 
end   





%   wtls_line(xin,yin,uxin,uyin,guck) 
function output = wtls_line_offset(xin,yin,uxin,uyin,guck) 
% function [a,b,alpha,p,chiopt,Cab,Calphap]=... 
%   wtls_line(xin,yin,uxin,uyin,guck); 
% 
% weighted total least squares (wtls) fit of a straigth line  
% to a set of points with uncertainties in both coordinates 
% 
% input:        xin     abscissa vector 
%               yin     ordinate vector 
%               uxin    (standard) uncertainties of xin, same 
size as xin 
%               uyin    (standard) uncertainties of yin, same 
size as yin 
%               guck    flag, if >0, chisquare is plotted over 
whole 
%                       alpha-interval, optimum alpha is shown as 
red + 
% 
% output:       a, b    usual straight line parameters 
%                       y=a*x+b 
%               alpha,p more stable parametrisation 
%                       y*cos(alpha)-x*sin(alpha)-p=0 
%                       alpha: slope angle in radians 
%                       p: distance of straight line from (0,0) 
%                       conversion: a=tan(alpha),b=p/cos(alpha) 
%               chiopt  minimum chisquare found 
%               Cab     covariances, [var(a),var(b),cov(a,b)] 




% algorithm:    M. Krystek & M. Anton 
%               Physikalisch-Technische Bundesanstalt 
Braunschweig, Germany 
%               Meas. Sci. Tech. 18 (2007), pp3438-3442 
% 
% tested for Matlab 6 and Matlab 7 












xin= xin - xmid; 
yin= yin - ymid; 
 
tol=1e-6; %"tolerance" parameter of fnimbnd, see there 
 
global ux uy x y 
% inputs 
if nargin<5,guck=0;end 





% "initial guess":  
p0=polyfit(x,y,1); 
alpha0=atan(p0(1)); 















































output = [a,b,alpha,p,chiopt,Cab,Calphap, xmid, ymid]; 
% ------ end of uncertainty calculation -------------------------
---------- 
% 
%-------------------- plotting section --------------------------
---------- 
if guck~=0 
    alphatest=linspace(alpha-pi/2,alpha+pi/2,1000); 
    for 
k=1:length(alphatest),chitest(k)=chialpha(alphatest(k));end 
    plot(alphatest,chitest,alphaopt,chiopt,'+r') 
    xlabel('alpha') 
    ylabel('\chi^2') 
    grid on 
    disp([mfilename,' :: paused, hit any key to continue']) 
    pause 
end 
% ------------------ end of plotting section --------------------
---------- 
return 




    global ux uy x y 
    uk2=ux.^2*sin(alpha)^2+uy.^2*cos(alpha)^2; 
    u2=1./mean(1./uk2); 
    w=u2./uk2; 
    xbar=mean(w.*x); 
    ybar=mean(w.*y); 
    p=ybar*cos(alpha)-xbar*sin(alpha); 
    chi=sum((y*cos(alpha)-x*sin(alpha)-p).^2./uk2); 
return 




function output = ref2line (yin, fitvector) 
 
% runs a Monte Carlo-type analysis for getting uncertainty range 
in a value 
% that is referred to a line with uncertainty.  e.g., we know the 
y-value, 
% but need an x-value by reference to an uncertain line.   
 
% Note that the fitvector must have been computed using 
wtls_line_offset 
%  with the Y-variable in the Y-position (the second parameter) 
% wtls_line output: 
%    a, b    usual straight line parameters 
%                       y=a*x+b 
%               alpha,p more stable parametrisation 
%                       y*cos(alpha)-x*sin(alpha)-p=0 
%                       alpha: slope angle in radians 
%                       p: distance of straight line from (0,0) 
%                       conversion: a=tan(alpha),b=p/cos(alpha) 
%               chiopt  minimum chisquare found 
%               Cab     covariances, [var(a),var(b),cov(a,b)] 
%               Calphap covariances, 
[var(alpha),var(p),cov(alpha,p)] 
%               xmid    middle of x range 
%               ymid    middle of y range 
 
% The reported value is one side of the total uncertainty range 
(actually 
% the mean uncertainty, to remove asymmetry in the uncertainty 
range) 
 
numMCRuns=10000;  %how many Monte Carlo simulations to run 
fractionToKeep=0.95;  %how many outcomes to keep (95%=2 Std Devs; 
99%=3 Std Devs) 
 
xmid = fitvector(12); 
ymid = fitvector(13); 
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alpha = fitvector(3); 
p = fitvector(4); 
alpha2sd = 2.0 * sqrt(fitvector(9)); 
p2sd = 2.0 * sqrt(fitvector(10)); 
 
% offset yin: 
yin=yin-ymid; 
 
% set up vectors 
alphas = alpha2sd .* rand(numMCRuns,1) - (alpha2sd/2.0) + alpha; 
pees = p2sd .* rand(numMCRuns,1) - (p2sd/2.0) + p; 
 
% translate to y=mx+b form (from equation: y*cos(alpha)-
x*sin(alpha)-p=0) 
slopes = sin(alphas) ./ cos(alphas); 
intercepts = pees ./ cos(alphas); 
 
% create vector of xvalues based on the lines and the input 
yvalue 
xvals = (yin - intercepts) ./ slopes; 
 
% how many entries to keep 
numToToss = (1.0 - fractionToKeep) * numMCRuns; 
lowerOrdinal = round(numToToss/2) + 1; 
upperOrdinal = round(numMCRuns-numToToss/2); 
 
% extract the appropriate bounds 
orderedXvals = sort(xvals); 
xmin = orderedXvals(lowerOrdinal); 
xmax = orderedXvals(upperOrdinal); 
 
xideal = ((yin * cos(alpha)) -  p) / sin(alpha); 
lowerRange = abs(xideal-xmin); 
upperRange = abs(xideal-xmax); 
 
estimatedSD = (xmax - xmin)/2.0; 
 
% check to see how different lower and upper ranges are (how 
asymmetric the 
% uncertainty is) 
if ((lowerRange / (xmax-xmin)) < 0.3) || ((lowerRange / (xmax-
xmin)) > 0.7) 
    warning('Uncertainty is quite asymmetric: lower range is 
(%3.2f) of whole.', (lowerRange / estimatedSD)) 
end 
 
xideal=xideal+xmid; 
output=[xideal,estimatedSD]; 
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